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A bs t rac t
The location of oil and gas reserves in Australia and the distribution of centres of population 
have created a need for an extensive network of land based transmission pipelines. There is a 
continuing need to expand this network but this must be achieved within increasingly stringent 
cost targets and in accordance with changing environmental constraints.
The pipeline industry in Australia has traditionally employed smaller diameter and thinner wall 
pipe materials than are common in many other parts of the world. In order to improve cost 
effectiveness there is also a trend to increase the yield strength of the material and to further 
reduce wall thickness.
Girth welding of pipelines in the field represents a significant proportion of the installation cost 
and is currently performed by highly skilled manual welders using the shielded metal arc 
process (SMAW), cellulosic electrodes and a ‘stovepipe’ technique. The use of lower wall 
thickness has the potential to reduce the number of weld runs and the overall cost.
The higher yield strength low alloy pipe materials have been shown to have excellent 
weldability but as yield strength increases there may be an increased risk of weld metal 
cracking, particularly if overmatching welds are required.
The current Australian field welding practice has been analysed and the local constraints 
identified. Based on this review a list of desirable attributes for suitable processes was drawn 
up. The international literature on process options for mechanised girth welding was reviewed 
and techniques, which fitted the Australian requirements were identified. The most attractive 
mechanised girth welding options for further investigation were identified as:
♦> GMAW (New technology controlled transfer)
❖  Pulsed plasma keyhole welding
❖  High current (buried arc/keyhole) GTAW
❖  MIAB welding
The rationale behind these suggestions is discussed and the implications for the pipeline 
industry in adopting mechanised girth welding are explored. Suggestions regarding the design 
of suitable systems are put forward. A practical assessment of the first of these short listed 
options was conducted and found to offer considerable promise. This process is tolerant to gap 
variations, inaccuracy in groove preparation and pipe misalignment. High welding speeds 
(735mm/min) are also achieved, with high quality welds deposited without varying welding 
parameters as the arc progresses along the circumference. Monitoring the weld quality in the 
real time was also achieved. The preliminary calculations of root weld strength indicates that 
clamp could be released at 23% of the root weld completed. Such early clamp release would 
significantly decrease construction time and project cost.
An assessment of comparative costs was made based on observed field practice, reports 
of previous trials and discussions with industry experts.
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Introduction
Transmission pipelines are employed for the transport of fluids such as petroleum products, 
water and natural gas. These pipelines include submarine installations from offshore production 
facilities, landfall links and land based, cross-country lines. Process piping, which is used in 
treatment of the product, is excluded from this study.
Girth welding is used in the field to make circumferential butt joints between two pipe sections 
either to prepare long pipe lengths (“double ending”) prior to installation, or for the more 
demanding application; welding of pipe in the horizontal (5G) position during pipe laying.
Although this study was concerned primarily with the requirements of land based transmission 
pipelines in Australia, the girth welding techniques for both onshore and offshore facilities 
around the world have been investigated in order to ensure that effective use is made of 
previous work in this area.
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1.1 Materials for transmission pipelines
coil
The most common pipeline materials are based on ferritic steels although there is increasing use 
of plastic pipe for domestic gas distribution, particularly in Europe. Stainless steel clad pipe and 
duplex stainless steels have been used in more aggressive corrosion environments.
A common international trend appears to be towards the adoption of high strength low alloy 
(HSLA) steels for pipelines. This has made it possible to simultaneously increase system 
pressure and reduce pipeline wall thicknesses. These advantages may be obtained without 
detriment to the weldability of the pipe material. The availability of weldable steels with good 
low-temperature impact toughness played a major role in ensuring the viability of extraction 
and transportation of oil in areas such as the North Sea and the Artie regions.
In offshore applications, the use of duplex and super-duplex corrosion resisting steels continues 
to expand in areas where corrosion (for example from sour gas) is a problem. In general, the 
cost of these materials precludes their use for long transmission lines.
Ferritic pipe internally clad with austenitic stainless steel has been used successfully for some 
subsea transmission lines but the service requirements, material and installation costs again 
preclude the use of this type of pipe for overland transmission lines.
1.2 Material specification
Figure 2
Methods of high-frequency butt welding of tubes [58]
The wall thickness for linepipe used for offshore oil and gas transmission lines has increased 
and as the wall thickness increases the manufacture of linepipe with high strength, notch 
toughness and good field weldability becomes increasingly difficult. Linepipe steels have been 
and are produced by a variety of routes.
The steels used for land-based linepipe are based on the American Petroleum Industry (API) 
standards [10] of which the API 5L specification covers pipe grades from API 5L X42 to API 
5L X80, where X designation covers the pipe yield strength (MN/m2). It is usual practice for 
pipeline contractors to be supplied with linepipe based on the API 5L specification with
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Large diameter thick wall linepipe is usually made from steel plate, which is formed into pipe 
and either longitudinally, or spiral submerged arc welded. The thinner wall materials commonly 









additional requirements imposed by the pipeline operator. The steels that have been used can be 
grouped into three categories; low alloy steels, high alloy steels and clad steels.
In the early sixties large diameter linepipe was supplied to API 5L X52 with the wall thickness 
limited to 12.5mm [9]. These steels (X52) could achieve yield strengths up to 360MN/m2. 
They had relatively low (less than 0.25 %) carbon equivalents compared with earlier grades of 
high strength steel and in general, excellent weldability.
1.2.1 Low alloy steels
The steels included in this group have higher strengths and better toughness than plain carbon 
steels; some grades also have improved corrosion resistance. This group of steels utilises a 
combination of low alloy additions and thermo-mechanical treatment during production, to 
produce a range of enhanced mechanical properties such as increased yield strength from 450 to 
850N/mm2. Steels in this group include micro-alloyed, high strength low alloy (HSLA) steels, 
and high strength low-carbon quenched and tempered steels.
The carbon and carbon equivalent levels of those steels is generally low in comparison to that 
found in plain carbon and carbon manganese steels and this improves the low temperature 
notch toughness in addition to the weldability.
1.2.2 High alloy steels
High alloy steels containing in excess of 5% alloy content can be included in this group. The 
austenitic and super austenitic stainless steels and the duplex and super duplex stainless steels 
are examples of these materials. These materials are used in processing plant and offshore 
applications particularly for corrosion resistance in seawater and sour gas lines. They are not 
normally used for land based transmission pipelines.
1.2.3 Clad Steels
Oils and gases containing H2S require the use of high nickel alloys that have good corrosion 
resistance, as the nickel alloys have lower yield strength, pipes with thicker wall thicknesses 
would be required thus increasing the pipe costs, and cost of welding.
High Yield low alloy steels pipes that are internally clad manufactured with a corrosion 
resistant alloy allows the use of thinner walled pipes whilst giving excellent resistance to 
corrosive attack.
1.3 Weldability o f  Low A lloy Steels
HSLA steels can be welded with most common arc welding processes using suitable welding 
procedures. The selection of the process is dictated by the thickness, position of the joint, and 
the physical location of the part to be welded [11]. It has however been reported that some high 
heat input welding process might cause excessive grain growth and precipitation of 
microalloying elements, both of which lead to reduce mechanical properties.
It is known that in order to match the parent metal properties, a slightly higher alloy content and 
alternative method of nucleating favourable microstructures is required in weld metal. Nickel,
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chromium, manganese and molybdenum alloying may be used to produce a weld metal yield 
strength equivalent to the parent material. The microstructure of these weld metals depends on 
the alloy system used, but generally, the aim is to obtain a substantial amount of fine-grained 
acicular ferrite with minimal amount of proeutectoid ferrite. In the higher strength alloys 
bainite, or even low carbon martensite, may be found in the weld metal [12].
An alternative approach is the use of titanium and small amounts of boron additions to the filler 
material. The titanium/boron alloying produces effective nucleation of acicular ferrite, and 
adequate yield strength can be achieved with good low temperature toughness. Weld metal 
hydrogen cracking may be a problem in the higher strength weld metals and hydrogen­
controlled electrodes would normally be used.
The low carbon equivalent of these steels should make them less susceptible to cracking in the 
heat affected zone (HAZ), but it is usually necessary to limit the heat input in order to minimise 
loss of mechanical strength, due to solution or precipitation and destruction of the structures 
produced by thermo-mechanical treatment [12].
1.3.1 Weld Toughness
The gradual increase in the use of higher yield steels over the period 1966 to 1979 was not 
matched by a corresponding increase in weld-metal toughness. From 1979 to the present day, 
toughness levels, particularly for gas pipelines have increased significantly [13]. Heat affected 
zone (HAZ) toughness properties are dependent on the parent metal composition the welding 
process used and welding conditions. Designers of pipelines particularly for gas applications 
are concerned that both pipe material and weld metals have sufficient toughness levels.
1.3.2 Additional Requirements
The majority of international pipeline operators, although adopting the API standards for the 
purchase of seamless or welded linepipe, often include supplementary requirements such as 
Charpy impact toughness levels and test temperatures. Additional corrosion test requirements 
may also be specified and these are dependant on the nature of medium to be transported such 
as fluid or wet gas containing sweet (CO2) or sour (H2S) products, as well as the oxygen 
content of the fluid [2].
The majority of seamless and longitudinal welded pipe materials supplied for recent UK North 
Sea pipeline projects involve high yield grades, such as API X60 and X65, with supplementary 
requirements, although API X70 has been considered for a number of new pipelines [2].
1.4 Pipeline Materials used in Australia
Carbon or carbon manganese steels manufactured for line pipe specify the American Petroleum 
Industry (API) standards, which has been accepted universally throughout the oil and gas 
industry. It has been stated that in the past Australian pipeline industry was heavily dependent 
on USA for capital and technology, but Australian industry developed its own technology to
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suit its environment and its needs. As a result Australian Standard (AS 2885) for Pipelines has 
been developed and is applicable to the welding of materials which comply with AS 2885.
Steel pipes, which are ordinarily used for long transmission lines, are chosen in accordance to 
the API or ASTM specifications. API Std 5L X 65 and API Std 5L X 70 are now widely used in 
Australian pipeline construction. The carbon and manganese contents of those pipes are limited 
to ensure good weldability. However, the current trend is to increase the yield strength of the 
material and use of API Std [14], 5L X 80 ERW pipe has recently been considered. Electric 
Resistance Welding (ERW) pipe made from X70 steel has been used successfully on more than 
1000 miles of pipelines with no particular problems.
The Australian pipeline steels industry has been a part of dramatic technological changes over 
the past decade, with the rapid progression towards higher strength levels. Over this time, the 
“standard” pipe grade has moved from API 5L X52 (-6.8 MPa) through Class 600 (-10.3 MPa) 
to the present Class 900, API 5L X70 (15 MPa) as used on the Ballera to Wallumbilla pipeline 
project. The Ballera to Wallumbilla pipeline is the third significant Class 900 system in 
Australia.
Williams and Killmore [17] state that “Over the past 3 years some 70 000 tones of X70 grade 
has been (is being) successfully applied to four separate Australian projects.” However there 
have been further developments and improvements on X70 grade pipe in order to achieve high 
strength in pipes without compromising weldability. Such evolutionary development results in 
X70 ERW pipes, which also lay the foundation for further development of X80 and X80 ERW 
grade pipes.
According to laboratory tests on weldability of the X80 grade pipe by Barbaro, Meta, Williams 
& Fletcher [18] it may be concluded that X80 grade pipe is even more weldable than the X70 
grade pipe which itself has been successfully welded in the field. This work also concluded that 
“complete field welding trials have confirmed weld joint compliance with Australian Standard 
AS2885.2-1995, particularly in terms of weld metal tensile strength matching and Charpy 
impact toughness values ”.
1.4.1 Pipe sizes
The common diameters of Australian pipelines are [16]; 14” and 15” with maximum allowable 
operating pressure (MAOP) up to 15.3 MPa and normal operating temperature the same as that 
of the surrounding ambient temperature.
The economic benefits of higher strength pipelines are; reduced gas transportation costs, lower 
pipe procurement and transport to site costs and reduced welding costs due to smaller diameter 
and thinner wall. These factors are critical to project viability.
The most common materials for land based transmission pipelines are low alloy steels. While 
international trends favour increasing yield strength and wall thickness for offshore lines, the 
trend in land based pipelines are to thinner wall and higher yield strength. The higher yield 
HSLA steels have excellent weldability although some problems have been identified with 
achieving an effective compromise in weld metal properties. Pipe diameters and wall 
thicknesses vary considerably depending on the application but the Australian practice favours 
small diameter, thin wall pipe.
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1.5 The Aim o f  the thesis
The aim of the current work is to evaluate the current field welding practice and assess the 
feasibility of mechanising the girth welding operation to achieve lower installation costs and 
improved operating tolerance for higher yield strength steels.
1.6 The Outline o f  the thesis
In order to fulfil the aim of this thesis the project is divided in to the following research topics;
1. Review of current field welding practices and implications of mechanisation (Ch. 2)
2. Evaluation of girth welding processes and recommendation (Ch. 3)
3. Design and development of welding rigs and portable monitoring system (Ch. 4 & Ch. 5)
4. Experimental work and collection of experimental results (Ch. 6)
5. Analysis and discussion of experimental results (Ch. 7)
The Appendixes A-E contain information on experimental set up, experimental results, 




2.1 Girth welding o f offshore pipelines
Whilst the focus of this study is the girth welding of land based pipelines, the practices for girth 
welding of offshore pipelines and other mechanised circumferential welding systems have been 
reviewed, since it is reported that greater use is made of mechanisation in these applications.
Offshore girth welding is performed on a lay barge using S or J laying techniques. The barge 
houses the welding, inspection and coating stations. In the S laying technique the barge moves 
along the pipeline, welding in new sections and lowering the completed joints into the sea over 
a near horizontal support frame or ‘stinger’. In J laying technique the pipe leaves the barge 
vertically and curves as it approaches the seabed. The laying technique influences the choice of 
welding processes.
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Until fairly recently the most common welding process used for pipe laying on barges was the 
shielded metal arc welding process (SMAW) using cellulosic electrodes, (AWS E6010, E7010 
[3]). The technique used is known in industry as “stove pipe” welding.
Over the last ten years, various automatic GMAW systems have been employed for offshore 
pipe welding. Proprietary systems such as Saturn 8, Passo and a combination of Passo and 
CRC-Evans techniques have been used on a number of pipelines in the North Sea [3].
One study [3] claims that production rate for mechanised GMAW is 235 joints per day for 
762mm diameter by 30mm thick pipe and 320 joints per day for 508mm diameter by 14.3mm 
thick pipes. Several other welding processes (TIG [4], electron beam welding [5], flash butt 
welding [6,7] and friction welding [8]) have been evaluated for offshore pipe welding, but non 
of these techniques is thought to have been used on commercial projects. Production welding of 
duplex stainless steel pipelines has been carried out with a wider range of processes, either 
individually or in combination with other processes. Some of the options used are [2];
♦♦♦ Shielded metal arc welding (SMAW)
♦♦♦ Gas tungsten arc welding (GTAW)
Submerged arc welding (SAW)
♦> Plasma arc welding (PAW)
*♦♦ Gas metal arc welding (GMAW) and 
<♦ Flux cored arc welding (FCAW)
2.2 Land based transmission pipelines - international practice
Manual metal arc welding, using cellulosic electrodes, has been used extensively for girth 
welding of land based pipelines. Mechanised GMAW techniques suitable for North American's 
climates have now been accepted and are used extensively throughout North America. In the 
former USSR, it is reported that significant use has been made of flash butt welding.
2.3 Current "Girth Welding"practice in Australia
The current method of girth welding of transmission pipelines in Australia is almost exclusively 
manual metal arc welding using cellulosic electrodes. The well-established welding practice 
comprises the following major activities
Pipe preparation prior positioning and clamping. An operator brushes off corrosion located 
inside as well as outside at the end of the tube.
Pipe lifted by crane and guided by two operators to slide over the clamp. A gap of 
approximately 1.2mm is set between two pipes before they are internally clamped together.
Sandbags and timber are positioned under the free end o f  the pipe in order to support it after its 
release from crane and internal clamp [ see video clip No.l].
1 Observation from typical pipe installation in Roma, (Queensland)
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Figure 4
Tube Preparation for the next joint
The root or stringer bead is deposited on the lined up pipe-joint usually by two welders. The 
first welder will start welding at 12 o’clock position towards 3 O’clock while the second welder 
will start at 9 o’clock position towards 6 o’clock. Depending on the pipe a new electrode may 
be required before the run can be completed. The first welder will continue welding from 3 
o’clock towards 6 o’clock while the second welder will start to weld at 12 o’clock and complete 
welding at 9 o’clock. [ see video clip No.2 ].
Figure 5.
MMA welding performed by two welders
When at least 80% o f  the root pass is completed the internal clamp is released and the line-up 
crew pulls the internal clamp to next joint.
One more pass (the hot pass) may be completed before welders move on to the next joint while 
a second group of welders deposits the fill and capping passes. This cycle is repeated along the 
line.
The rate of progress is determined by the rate at which the front end crew deposit a root run of 
sufficient strength to allow removal of the line up clamp. This determines how quickly a new 
pipe section can be added to the front end.
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2.4 Other mechanised circumferential welding systems
There are several configurations of mechanised circumferential welding systems. The most 
common approach is the use of track mounted “bugs” as shown in Appendix E3, or tractors such 
as the CRC-Evans, HC Price or Saipem systems. Alternatives include “horse-shoe” as in 
Appendix E3, and face plate systems. A novel approach from Japan [78] utilises, what is called, 
‘a mobile robot’ approach. This system incorporates a circular collar or track, which is 
propelled along the pipe and automatically, locates the next joint that is set up. On detecting the 
joint the ‘robot’ clamps itself to the outer wall and commences welding. Any mechanisation of 
the circumferential welding systems would have its implications, as discussed bellow.
2.5 Implication o f adopting mechanised girth welding
The move from manual to mechanised girth welding has several implications, which need to be 
considered. Most influential implications are discussed below;
2.5.1 Fit up tolerances
With any mechanised system there is an increased demand for careful joint fit up. Most of the 
GMAW systems are operated with a manual operator who can carry out fine-tuning of the 
process during operation. Accurately pre-bevelled pipe is commonly used in Australia and 
although some change to the preparation profile may be required, it is envisaged that there 
would be little difficulty in implementing the processes, which are short listed above if this 
practice were continued with good internal alignment facilities. The alternative is to use some 
form of adaptive control to compensate for inevitable small variations in fit up and joint 
location.
2.5.2 Adaptive control
The literature suggest that during the girth welding of transmission pipelines, the molten pool is 
subjected to the effect of forces whose ratio determines the conditions of weld formation. In 
orbital welding this ratio is continuously changed, thus resulting in non uniform weld formation 
around the perimeter of the joint and the formation of certain weld defects, such as convexity 
on internal side, undercutting, non-uniformity and concavity. Disturbances during welding must 
be quickly identified and removed, or automatically compensated for, in order to avoid weld 
defects.
Quality monitoring and adaptive control of the circumferential welding has therefore been 
investigated as a means of quality assurance in unmanned welding production. [70] Several 
adaptive control systems have been developed for orbital welding [77] but these have not been 
fully exploited on transmission pipeline welding systems
2.5.3 On line quality monitoring
In manual welding, the welder carries out a certain amount of qualitative monitoring during 
welding. He may continually adjust the current to suit the requirement of the molten pool, he
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may also adjust welding speed. When a manual welder is replaced by an automatic or robot 
installation these adaptive control actions are lost but a more reproducible weld quality is often 
sought.
Quality and productivity have become very important concepts of modem manufacturing 
activities. With increased demand on productivity and quality, flexible unmanned production 
systems are increasingly needed. Such flexible unmanned automated systems often require 
monitoring and adaptive control of the process to counteract disturbances that occur during the 
welding operation. It is equally important to diagnose the causes of weld defects and to take 
measures to quickly remove the quality disturbances when a weld defects results.
Electrical signals such as transient welding voltage and current and dependent welding 
parameters electrical power and resistance, contain essential information about physical 
phenomena in the arc such as emission, and metal transfer. Since the arc welding process is 
random statistical signal analysis is usually used to describe and to characterise the welding 
process in detail. Statistical analysis can be very helpful for monitoring and improving the 
welding process and identifying potential defects during welding.
On line quality monitoring should reduce the need for Non Destructive Testing (NDT) and 
reduce the occurrence of out-of-specification welds. The end result will be a higher quality 
product, and low repair rate.
There has recently been significant development in the use of on-line quality monitoring 
techniques for most mechanised welding processes. The alternative processes which have been 
identified are all suitable for continuous on line monitoring. Not only does this facilitate 
improved quality control and effective quality assurance it may also reduce the need for post 
weld inspection and improve the effectiveness of repair.
2.5.4 Capital Cost
The capital cost of any mechanised system would probably be significantly higher than the cost 
of existing manual welding equipment. However, with the exception of electron beam and laser 
systems, this would still represent a small proportion of the overall mobilisation and operating 
cost.
2.5.5 Maintenance and operating skills
Mechanised systems are inevitably more complex than manual equipment and for their 
effective use increased preventative maintenance will be required. Whilst fewer skilled welders 
are required there is an increased need for technician training in process performance and 
equipment design.
2.5.6 Economic evaluation
Economic evaluation of most welding processes is based on an analysis of the elements of cost 
associated with the completion of a given weld length [15]. In the case of transmission 
pipelines (both offshore and land based) the most significant cost element is the daily
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operational cost associated with the whole operation. This ‘running’ cost includes charges for 
the use of extremely costly capital equipment (eg. lay barges for offshore operation, cranes and 
transportation for land based lines), running costs associated with this equipment (consumables 
such as fuel), labour costs (direct labour, transport and living costs).
The effect of improvements in process economics is usually measured in terms of joint 
completion rate (Joints/day). On a fairly simplistic basis the total project cost will be the 
product of the average cost per day and the duration of the project. Improvements in the rate 
controlling factors such as front end welding times are therefore critical to the total economics 
of pipeline construction. A cost comparison of the process options is given in Appendix E2.
As appendix E2 show, a cost analysis of MMA1 is based on detailed observation of welding 
activities on typical pipe installations such as the Ballera to Wallumbula pipeline in 
Queensland. It shows welding costs after the front end crew has deposited root and hot passes, 
and moved to the next joint.
A cost analysis of MMA2 is calculated based on a possibility that the front end crew would 
performed only a root pass and move to the next joint. This option gives 400 joints per day, 
compared to 149.5 for MMA1. Such a high number of welded joints would have implications 
on the logistics, capital outlay, weld quality, and overall site organisation.
Similarly, MMA3 is also calculated from welding speeds obtained from video recorded 
material of typical pipe installation in Queensland. It is also assumed that the front end crew 
will move after root and hot passes are deposited, and clamp be released at 60%.
The analysis show that the costs of MMA2 and MMA3 are the same, despite significant 
variations in the number of joints. Therefore it appears that slightly earlier clamp release would 
not reduce welding cost. Calculated options MMA2 and MMA3 are more productive and 
costly, but have not been verified practically in the field.
Careful analysis of appendix E2 indicates that MMA2 is actually more economical than 
mechanised GMAW. It is important to emphasise that MMAW, despite its virtual economical 
advantages, is prone to hydrogen induced metal cracking on high strength low alloy steel pipes. 
This is a high risk to take in pipeline construction. For this reason, new welding processes were 
further investigated, accompanied by economic benefits of mechanised girth welding operation.
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Girth Welding Processes Options
Girth welding of long distance, cross country pipelines has traditionally been carried out by 
manual metal arc welding (MMA) with cellulose coated electrodes (stovepipe welding). With 
this technique large quantities of hydrogen are introduced into the weld zone during welding 
due to decomposition of the cellulose in the electrode coating. This hydrogen can cause delayed 
or cold cracking in the weld metal or heat affected zone (HAZ) [19].
While HAZ hydrogen cracking was a major problem in the early days of pipelining, the 
development of modern control rolled linepipe steels, combined with the adoption of rigorous 
welding procedures, has virtually eliminated the problem. However, the increasing use of high 
strength linepipe, and specification of thicker wall pipe for offshore pipelines means that future 
problems due to hydrogen may be anticipated. For example, weld metal hydrogen cracking may 
become a problem when weld high strength pipeline steels, even if HAZ cracking problems can 
be avoided. Also it may be difficult to achieve the required levels of weld metal toughness 
when using high strength cellulosic welding electrodes.
As a result of this potential problem alternative manual welding processes, which give a low 
hydrogen weld deposit, have been considered. Amongst these are; the low hydrogen vertical 
down MMA processes, and semi-automatic welding processes using solid or flux-cored wires. 
However, these processes being essentially manual, suffer from economic disadvantages with 
respect to cellulosic stovepipe welding.
This problem can be partly solved by the adoption of mechanised low hydrogen welding 
processes such as the mechanised gas metal arc (GMA) welding systems typified by CRC, 
McDermott and Saipem techniques. These systems require a smaller squad of welders or 
operators than the manual systems and have been employed for thick wall long distance cross­
country pipelines and for offshore pipelines. While capable of higher production rates than 
manual welding processes they still depend on a multipass welding procedure.
It is reported that the application of automatic methods of welding in 1990 in the construction 
of oil and gas pipelines was 70% for pipelines with a diameter of 720-1420mm and 53% in the 
case of pipelines 5 7-53 0mm in diameter. The number of personnel required was reduced by 
approximately 3000 [65]. It is also claimed that orbital arc welding of pipelines can improve the 
quality of welded joints by 1.5-2 times in comparison with manual welding with a simultaneous 
reduction of the labour content in manufacture by 30-40% and an increase of the operating life 
of pipelines by a factor of two to three [65]. Environmental problems as well as equipment size 
are likely to restrict the number of suitable land pipeline candidates for these processes.
The welding processes, which have been applied in pipe welding around the world, have been 
the subject of several reviews and individual publications. A summary of the published data for 
the various process options is given below. Some candidate processes, which have not yet been 
used for field girth welding, have also been included in the current review.
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The options considered are:
1. Manual Metal Arc Welding (MMAW) Cellulosic electrodes
2. Manual Metal Arc Welding (MMAW) Low hydrogen electrodes
3. Mechanised Gas Metal Arc Welding ( conventional GMAW)
4. Mechanised Gas Metal Arc Welding (controlled transfer GMAW)
5. Flux Cored Arc Welding (FCAW)
6. Explosive bonding




11. Magnetically Impelled Arc Butt (MIAB)
12. Keyhole and Pulsed Plasma Welding
13. Hot Wire TIG welding
14. High Current TIG welding
15. Adhesive Bonding
16. Mechanical Joining
17. Homopolar Pulsed Welding
3.1 Manual Metal Arc Welding -  Cellulosic electrode
The current welding practice for MMA welding has been described above. It has been stated 
that in a situation where the production implications of manual welding are acceptable to the 
contractor, there is a little doubt that stovepipe welding with cellulosic electrodes will continue 
to be common practice for relatively thin wall linepipe of API 5L X52 to X65 grades [20]. In 
particular, this is likely to be the case for landlines in situations where the use of mechanised 
systems is more difficult, for example, in well populated or cultivated areas or in difficult 
terrain.
When higher strength steels are to be used, electrodes are available with adequate strength 
levels for up to API5L X70 grade. Adequate weld metal toughness can be achieved by 
producing thin weld layers with a high proportion of reheated metal. The relatively high input 
helps to provide normally acceptable heat affected zone (HAZ) hardness.
The major metallurgical problem is attributable to the high weld metal hydrogen 
(>50ml/100gm) generated by cellulosic electrodes [19]. The carbon equivalent levels of modem 
linepipe materials and the electrodes used for strength levels of up to API5L X60 can readily 
tolerate these hydrogen levels without cold cracking provided suitable procedures are applied.
However the more recently developed steels have outstripped developments in electrodes and it 
may be necessary to consider the use of preheat to avoid weld metal cold cracking. This 
requirement would significantly affect the production performance and economics of the entire 
operation. [ see video clip No.2].
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3.2 Manual Metal Arc Welding -Low Hydrogen coated electrodes
In order to avoid cold cracking on high-grade thin wall linepipes low hydrogen basic coated 
electrodes may be used. However, conventional basic electrodes are used in vertical-up 
direction at substantially lower metal deposition rates than stovepipe welding with cellulosic 
electrodes. This has been overcome by the development of vertical-down basic coated 
electrodes designed specifically for pipeline welding [21].
Compared to cellulosic electrodes the basic formulation can provide superior weld metal 
toughness and is less susceptibility to cold cracking. However whilst these electrodes have been 
available for some time their impact on industry has been low [55]. A number of drawbacks 
have been cited. Although the level of welding skill required is no greater than that for 
cellulosic electrode welding, different welding techniques are used for which welder training is 
required.
The limited field experience would indicate that they may be more prone to welder induced 
defects and that their operating parameter tolerances may be too narrow. Further developments 
in flux formulation and power sources with suitable characteristics are required to overcome 
these problems [21]. For the foreseeable future it would seem that basic electrodes are unlikely 
to replace cellulosic electrodes for the lower strength grades of pipe.
The other major limitation of MM A process is that it is labour intensive and requires skilled 
welders, which are becoming increasingly scarce. The high cost of such operations and the 
wider use of high strength grades of pipe with tighter control of defect levels are contributing 
factors in the move to replace the process with more mechanised techniques.
3.3 Mechanised Gas Metal Arc Welding
Gas metal arc welding (GMAW) is accomplished by establishing an arc between a continuously 
fed filler metal electrode, and the weld pool. Heat from the arc melts both the filler metal 
electrode and the joint area. The process requires shielding gas to prevent oxidation of the weld 
and support a stable arc. The application of conventionally fed filler improves the operating 
factor of the process. [22]
Figure 6.
Mechanised GMA welding with twin torch 2
2 Kindly supplied by John Norrish [ see video clip No.3 and No.4]
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In Mechanised GMAW systems a welding head is mechanically tracked around the joint, but an 
operator may be required to make minor in process adjustments. Many different welding 
systems have been developed and these have been successfully used for significant lengths of 
pipeline [23,24,25,26].
It is common for mechanised welding systems to use a relatively high welding current for the 
wire size employed resulting in high metal deposition rates and rapid joint completion rates. In 
most cases welding is performed in the vertical down direction using relatively high travel 
speed to control the molten weld pool. Sidewall fusion is aided by oscillating the arc across the 
joint for the fill and capping passes. The joint design is normally modified to a narrower (than 
the standard API bevel) gap configuration.
Depending on the system used the root run may be completed with an internal welding system 
or from the outside of the pipe with the aid of an internal backing ring. Internal root welding 
systems have proved successful for large diameter pipes but are unsuitable for the majority of 
small diameter pipe used in Australia.
Welding procedures are normally based on a relatively high current short-circuiting mode of 
metal transfer and deviation from the preferred parameters can result in weld defects, 
particularly lack of sidewall fusion. These defects may often exceed acceptance limits based on 
traditional workmanship standards, although in many cases the adoption of fitness for purpose 
criterion has increased the acceptance limits. Defects levels of 5% or less are typically achieved 
at the present time with commercial systems and good welding practice.
The most common mechanised GMAW system is manufactured and supplied by CRC-Evans. 
A detailed description of this system is given in the reference [82].
3.4 Mechanised GMAW - Controlled Transfer
Recent developments in GMAW have included the use of pulsed transfer in an attempt to 
increase reliability and productivity. Experience indicates that the ability to maintain stable 
open arc metal transfer conditions results in enhanced and consistent sidewall fusion 
characteristics.
Successful application have been cited for land based welding of 610mm OD X70 pipe in 
Canada [27] and also 219mm OD duplex stainless pipe for North Sea [28]. One potential 
weakness of the pulsed transfer mode is the lack of tolerance to variations in root preparation; 
the high arc force during the pulse making it more difficult to control bum through. This 
problem can be addressed either by careful joint fit up or by adaptive control technique [74].
More recently, a commercial system, which allows controlled dip transfer, has become 
available [73]. The Surface Tension Transfer (STT) approach virtually eliminates spatter and 
improves arc stability. This in turn improves control of the process particularly for single sided 
root bead welding. Surface Tension Transfer (STT) requires a power source capable of 
delivering and changing, current in microseconds, and operates in the short-circuiting welding 
mode [79]. The typical transient waveform for the process is shown in figure 7.
This system has been applied successfully to single sided, unbacked welding of pipe. In one 
case this has been implemented in production for rotated circumferential welding of pipe spools 
using a novel adaptive control system [75].
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Figure 7
Electrode current and voltage waveform for a typical welding cycle [79]
It is also claimed [71] that successful trials have been completed on line pipe and high root run 
completion rates have been achieved. The main advantage of this process for linepipe girth 
welds is the ability to perform consistent single sided root runs. A recent paper [83] sets out the 
advantages and limitations of the process with specific reference to root run welding in line 
pipe. This work claims travel speed of 250mm/min. Tests carried out at Lincoln Electric, 
Padslow on the 14 of August 1997 confirmed these claims, and it was also found that travel 
speed of up to 300mm/min could be obtained and that the weld cross section was significantly 
larger than the that with a 3.2mm cellulosic electrode.
3.5 Flux Cored Arc Welding (FCAW)
In Flux Cored Arc Welding fusion is produced by an arc which is maintained between a 
continuous consumable filler wire and the workpiece. Shielding may be obtained from the flux 















Process diagram -  flux cored arc welding
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FCAW is claimed to provide increased flexibility in control of weld metal composition whilst 
achieving higher deposition rates compared with GMAW. The average arc current range used 
with Flux Cored Wires can be significantly higher than that use for GMAW and this advantage 
can be exploited in positional welding due to the ability of the fast freezing slag to support the 
weld pool.
Two variants of FCAW have been used for pipeline applications, these are; Gas Shielded 
[GSFCAW] and Self-Shielded [SSFCAW] [29].
Gas shielded flux cored wires offer good running performance and excellent control of weld 
properties but may suffer from loss of shielding in the presence of high winds.
Self-Shielded flux cored wires are designed to operate in air and control the higher oxygen and 
nitrogen levels by chemical reactions in the weld pool.
Significant advantages over MMA welding are claimed in terms of productivity and weld 
quality. The most important advantage is that higher metal deposition rates (figure 9) can be 
achieved which, together with a reduction in time needed to change electrodes, is claimed to 
result in 30% reduction in total welding time [20].
Deposition rates of steel flux cored electrodes [20]
Low hydrogen weld metal with superior weld metal toughness properties typically >80J at -  
20°C are potentially significant advantages for welding the higher strength steels [56].
A novel high current mechanised FCAW technique for girth welding has been reported in the 
Ukraine [72]; this involves the use of a travelling water cooled shoe which contains the molten 
weld pool and flux and allows significantly higher currents to be used [Appendix A].
It is claimed that the system has been used on large diameter thick walled pipe in the former 
USSR but it is unlikely to be applicable to thin wall HSLA pipe.
In terms of general operation, the process is considered to be equal to MMA welding with 
improved resistance to wind disturbance and generally with better weld soundness. However,
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for the welding of landlines, the rate of progress would probably not be significantly increased 
because there is little reduction in the root run welding time.
3.6 Explosive welding
Explosive welding, or bonding, is accomplished by an explosively driven, high velocity, 
angular impact of two metal surfaces. At impact, the surface oxide and contamination is ejected 
from the joint. The surfaces are pressed into intimate contact by the explosive pressure, 
allowing valance electron sharing and an atomic-level bonding. A solid state bond is formed 
which may exhibit the characteristic ‘wavy’ interface [31].
A number of companies have developed explosive joint designs for pipeline applications, for 
example the joint design developed by Nova and CIL Inc. [29], which involves belling the 
pipes ends to provide a bell and spigot joint with the explosive charge being placed both 
externally and internally along the joint length. Both charges are detonated simultaneously 
starting at the apex of the gap and proceeding to the open end of the angular gap. This 
procedure has been field trialed on 6km of 1050mm-diameter pipe in Northern Canada in 
October 1984. A 10-minute cycle time for welding is claimed, which is competitive with 
conventional welding systems for this pipe diameter.
The second arrangement developed by the Volvo and Nobel Industries [30], utilises an inner 
ring of pipeline material into which explosive charge is placed. The ring is located immediately 
below the pipe ends, whilst a thick walled pipe section (outer ring) is placed around the pipe 
ends to contain the detonation forces. When the charge is detonated, the internal ring is forced 
into contact with the bore of the two pipes and welding takes place.
Figure 10
Arrangement for welding of tube to a collar [30]
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Langley Research Centre [31] developed a unique seam process that allows the joining of 
metals at precise locations by a "ribbon" explosive, which contains very small amounts of 
explosive, sheathed in lead for flexibility of application.
The advantages of the explosive welding technique are; it is a cold working process in which a 
strong metallurgical bond is formed without adverse effects on the parent metal properties. 
Most importantly this technique is precise, is high speed, single shot, and portable.
There are many limiting factors, which have prevented widespread use of this technique for 
girth welding of transmission pipelines. The main reasons are concern over the consistency of 
the process, the lack of suitable defect acceptance standards, difficulties in carrying out repairs. 
It is difficult to ensure sufficiently accurate joint fit up on larger diameter pipes. Also the cost 
of consumable sleeve becomes prohibitive on large cross-country pipelines. In addition, for 
land pipelines, government regulations on noise and safety pose significant problems.
5.7 Electron Beam Welding
Electron beam welding (EBW) is a fusion joining process that produces coalescence of the 
metals by heating the material with a high-energy electron beam focused on the weld joint. The 
kinetic energy of the electrons is converted into heat upon impact with the work piece.
The electron beam process must normally be carried out in a vacuum [32]. Early attempts to 
apply electron beam welding to the girth welding of land pipelines were carried out by 
Hamilton Standard in the early 1970’s [33]. This venture was not successful, largely due to 
problems in applying bulky sophisticated electron beam equipment in site conditions. 
Difficulties were also experienced in varying the welding parameters around the pipe 
circumference and tracking the weld seam.
This process has also been used experimentally to produce girth welds on offshore transmission 
pipelines with various joint configurations, in the thicknesses range of 0.125mm to 50mm,. 
Welding speeds of up to 6m/min have been claimed [34]. The achievement of satisfactory weld 
metal toughness depends to some extends on the use of linepipe steel, which has been 
manufactured with electron beam welding in mind. In particular for higher strength grades, 
quenched and tempered steels with low carbon content have been found to give best properties. 
Electron beam welding typically produces welds with a high depth-to-width ratio, and superior 
penetration control, low thermal damage and low distortion.
Some work on the use of EBW for horizontal welding in J-laying has been carried out. Greater 
technical difficulties exist in welding with axis horizontal, since some form of backing strip is 
normally required to support the molten pool. It is likely to be some time, therefore, before the 
present equipment can be adapted to work successfully in the horizontal position. [34]
A recent paper [86] suggested that EBW was viable for welding high-pressure pipes, 750mm in 
diameter and 19mm-wall thickness. It is also reported maximum welding speed of 600mm/min 
and current of 750A. However, a process is very sensitive to gap variations, vacuum 
consistency and effects on steel chemical composition. Such technical problems may be 
overcome in the next phase of the project.
The capital cost, complexity and joint preparation requirements are likely to rule out the use of 
the process for field welding of line pipe.
Page 22
3.8 Laser Welding
Laser beam welding (LBW) is a fusion joining process that produces coalescence of metals by 
heating the material with laser beam focused on the weld joint. This process has properties 
similar to EBW, except that it does not require a vacuum. An inert cover gas is normally used 
[22].
Figure 11
Schematic diagram of welding set-up for wire feed welding [22]
Laser welding of pipelines has been under development since the mid 1970’s [35,36]. Trial 
girth welds have been made in 500mm diameter X 12.7mm wall thickness X60 pipe at a 
welding speed of lOmm/sec using a 9KW laser and it has been proposed to use a 20KW laser to 
weld pipe up to 19mm wall thickness. [37] It is also claimed that the welds are capable of 
meeting API 1104 acceptance levels although some porosity is present and high hardness (450 
HV) levels are formed in the heat affected zone.
Trials with laser welding of pipelines are also being conducted in the USSR (Private 
Communication -  USSR to IIW Sub-commission XI-E ‘Transmission Pipelines”). Initial trials 
on flat plate have demonstrated that single pass full penetration welds are attainable in steel 
thicknesses up to 18mm at a welding speed of 25mm/s [38]. Trial girth welds have been carried 
out on X60 grade 1220mm diameter pipes with wall thickness of 17mm at welding speed of 
lOmm/s [39], and it has been demonstrated that heat input can be very closely controlled. Laser 
beams are not influenced by the presence of magnetic fields, as are electron beams and arc 
processes.
One problem common to autogenous laser and electron beam welding is the requirements for 
accurate joint fit-up. In electron beam welding less accurate fit-up can be tolerated by using 
beam spinning techniques. With laser welding this approach has not been adopted, presumably 
because of the decrease in the already limited penetration which accompanies it, but maximum 
joint gaps are restricted to 0.3-0.4mm. Filler wire additions have been used to allow larger joint 
gaps to be bridged. A gap-sizing device, which will allow metered quantities of filler wire to be 
fed into the joint, has also being considered [40]. The addition of filler wire also gives the 
opportunity to modify the microstructure of the laser weld if necessary.
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The size of laser welding equipment of sufficient power to weld pipelines is a such, that it is 
best suited to pipe yard or laybarge application, where the workpiece is stationary.
Inspection of the laser welds poses similar problems to that for electron beam welds, the narrow 
weld requiring accurate location of x-ray equipment to ensure detection of centre-line defects.
3.9  F lash  B u tt W elding
It is reported that flash butt welding has been used extensively for the construction of land 
pipelines in the USSR [41,42,43]. The Paton Welding Institute, Kiev, have developed two types 
of machine; internal and external. The external machine is used for pipe up to 300mm in 
diameter, while larger pipes are welded with an internal machine. The upset formed during 
welding is removed from the pipe bore by hot shearing, from the external surface by orbital 
milling.
The flashing operation takes approximately 3 minutes for 1420mm diameter pipe, and peak 
current demand is 250000 amps which is supplied by a trailer mounted diesel generator. 
Monitoring of the welding operation is carried out by chart recording main welding variables, 
on-line monitoring, and no radiography or other non-destructive technique is used. It is claimed 
that no weld failure has occurred in over 10 years of process use.
McDermott from New Orleans have licensed the Russian equipment in order to develop an 
internal flash butt welding machine capable of welding pipe in range of 71 lmm-914mm OD by 
12-25mm wall thickness [44]. This machine comprises the main welding head, a drive motor 
for axial movement inside the pipe and a flash removal facility. The total unit is 23 m long and 
weighs 20 tonnes.
Joint tensile properties are reported to be similar to the parent metal values (X52-X70 grade 
materials), but detailed data on the application of the process to the more recent pipe grades 
such as X80 and beyond are not available.
The inspection of flash butt welds is made difficult by narrow joint line. The most serious 
defect in flash butt welds is likely to be a lack of bond or “cold shut” at the weld interface. 
Since this defect is usually very tightly closed, and is normal to the surface of the pipe, it can be 
detected by radiography only if the source is accurately located. A real time imaging system has 
been developed as well as ultrasonic examination technique to accommodate this problem.
3 .1 0  F ric tion  W elding
Friction welding is a forge welding process, which utilises friction as a heat source [45]. Two 
friction welding techniques have been considered for pipelaying; conventional and radial 
friction welding [46,47].
Conventional friction welding for large diameter pipes has proved to be difficult. The need to 
rotate one pipe length can be overcome by using a shorter intermediate pipe and rotating it 
between two-fixed pipe lengths. However, it is a problem to ensure alignment of the pipe wall 
across the weld interface during rotation, given the normal dimensional tolerances of linepipe. 
Also, it is difficult to transmit sufficient axial force to the components to satisfy the required 
friction and forge pressures without buckling the pipe or damaging the pipe coating.
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Radial friction welding, which has the advantage of no internal flash formation and no pipe 
length rotation. For this process the pipe ends are prepared with a machined bevel face, not 
unlike that used for conventional arc welding. A solid ring of compatible material, machined to 
include a sharper bevelled internal profile, is located between the two contacting pipes.
Welding takes place by the rotation and radial compression of the ring, which contacts the pipe 
wall, initially near the bore, leading to frictional heat and metal displacement. Rotation 
continues until sufficient metal flow has occurred to allow metal contact throughout the wall 
thickness, at which time rotation is stopped and the weld is finally forged.
During welding, the pipes are clamped to resist axial and rotational movement and a mandrel is 
inserted in the bore to support the pipe walls, as well as to prevent metal penetration. An 
internal plug is used to ensure alignment and to prevent collapse of the pipe wall.
A Norwegian company, Myreens Verksted A/A of Oslo, has undertaken development of the 
equipment. Prototype machines have been developed for up to 168mm OD pipe and larger 
machines for up to 270mm pipe have been considered. The machine incorporates a DC motor 
of 370KW to provide ring rotation, with hydraulically driven ring compression and pipe 
clamping. The whole unit measures approximately 6.2m in length, weighs less than 18 tons, is 
capable of welding pipe in the range 75-170mm outside diameter.
The most common defect in friction welds is lack of bonding at the interface caused by surface 
contamination or incorrect welding conditions. Trials on carbon-manganese steel pipe of 
lOOmm-diameter xl2mm wall [48], X52 and X65, both having low carbon equivalent values 
have been carried out.
High quality welds were readily achieved in the X52 grade of pipe material with good 
mechanical properties. However with the X65 grade greater difficulty is reported in achieving 
minimum tensile strengths because of the loss of the initial thermomechanical processing 
treatment. It is claimed that this limitation may be overcome by post weld heat treatment.
The quality of the radial friction welds may be controlled by in process monitoring of the main 
welding variables, although attempts are also being made to apply ultrasonic testing after 
welding [49,50].
3.11 M agnetically Im pelled  A rc  Welding (M IAB)
The MIAB welding technique is an automated hot forge welding process in which heat is 
generated prior to forging by the rapid movement of an electric arc drawn between tube ends by
a magnetic field as shown on fig 12a bellow.
The arc is drawn between the adjacent ends of the two weldments and is rotated around the 
weld line by the force F resulting from the interaction of the arc current ( I ) and the magnetic 
field ( B ) as shown on Fig.4(a). radial magnetic field at the weld line can be generated by two





















Principle of MIAB welding [62]
(a) General arrangement: the direction of the current (I) and the applied magnetic field (B) are indicated, 
with the direction of the resultant force (F) on the arc ;
(b) Opposed solenoid arrangement is presented. Pi forging force, P2 clamping force, B radial magnetic 
field. [See also M IAB - video clip No. 5 ]
The radial components at the solenoid ends, gives the required field B. The clamps which hold 
the tubes and apply forging forces Pi and P2 are also shown. In Japan, Nipon Kokan Koji has 
developed portable equipment for welding small diameter Town Gas pipelines [51,52].
The pipe size welded has been 60.5mm Outside Diameter (OD) X 3.8mm Wall Thickness (WT) 
and 89.1mm OD X 4.2mm WT. Welding conditions for 216.3mm OD X 5.8mm WT have also 
been established. Attempts have been made to extend the range of pipe diameters, which can be 
joined. It is believed that the largest size machine is capable of welding approximately 305mm- 
diameter pipe. The UK welding institute has reported that it is possible to extend the range of 
MIAB welding to 9.5mm WT [53]. NOVA in Canada has investigated the process and believes 
it to be a viable alternative for girth welding [76]. The company is currently involved in 
licensing arrangements to enable production of custom designed units.
The European automotive manufacturing industry has used MIAB techniques since 1977 to 
weld the most critical parts such as axles joints, propeller shafts, shock absorbers, and it is 
reported that an agricultural beet elevator tube is welded in lsec by this technique [62].
One of the main limitations of the MIAB processes is the restriction to relatively thin wall 
components because of uneven heating across the wall when applied to thicker components. 
However larger wall thicknesses up to 12mm, have successfully been welded by orbiting one 
pipe about the centre line axis of the other, and by use of internal magnetic pole piece 
arrangement. These measures facilitate even heating across the wall thickness of the pipe.
[See also M IAB - video clip No. 6 ]
There is very little metallurgical data available for pipeline steels such as X70 and X80 for 
MIAB welded joints. Although good bend and tensile properties have been reported for low 
carbon steel tubes, toughness values are not commonly reported. Macro examination [80] of 
MIAB welds in mild steel tubing show a narrow weld line, which can be identified by either a 
dark or light etching band as shown on figure 13 below.
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Figure 13
Weld line structures in MIAB welds: a) light etching region;
b) dark etching region X100 [80]
3 .12  P la sm a  k eyh o le  w eld in g
Plasma arc keyhole welding is a method that can be grouped together with either conventional 
gas shielded arc welding methods such as TIG and MIG/MAG or high power density welding 
methods such as electron beam and laser beam, depending on whether fusion or keyhole modes 
are employed.
Figure 14
Keyhole welding schematic presentation [811
[See also video d ip  No. 7 ]
Page 27
In Plasma keyhole welding the arc is formed between the end of a small diameter tungsten 
electrode and the workpiece. By positioning the electrode within the body of the plasma torch, 
with the electrode is positioned behind a small bore copper nozzle, and forcing the arc to pass 
through the nozzle, the characteristic columnar jet, or plasma, is formed. The plasma jet is used 
as a source of intense heat to melt the material to be welded. Whilst the conduction limited 
operation is possible the most appropriate mode of operation for girth welding is the "keyhole" 
technique.
There are two possible keyhole plasma welding modes, continuous welding current, and pulsed 
current keyhole plasma welding. In general the plasma keyhole process operates over a current 
range of 70 to 500 A, and requires good joint alignment [65]. Tolerance to fit up and positional 
performance are greatly improved by pulsing.
By increasing welding current (over 70A) and plasma gas flow (over 3.5 1/min), a very 
powerful plasma column is created and this can achieve full penetration from one side, as in 
laser or electron beam welding. During welding, the keyhole progressively cuts through the 
metal with the molten weld pool flowing behind to form the weld bead under surface tension 
forces. This process can be used to weld thicker material (up to 10mm stainless steel) in a 
single pass [40]. This has several advantages, which can be exploited: deep penetration and 
high welding speeds. This allows single sided square butt welds to be made at relatively high 
speed.
The keyhole mode may be used with filler to ensure smoother weld bead profile (with no 
undercut). For thicknesses up to 15mm, a vee joint preparation is used with a 6mm-root face. A 
two-pass technique is employed, the first pass is autogenous with the second pass being made 
in melt mode with filler wire addition.
A typical macro structure of a pulsed keyhole plasma weld is shown in figure 15 below
Figure 15
Macro structure of the Plasma keyhole weld
One of the main methods of producing high-quality welded joints in the orbital welding of 
pipelines is to reduce the volume of liquid metal in the molten pool. In pulsed keyhole welding 
the welds are produced as a series of individual spots, the molten pool is almost circular and 
surface tension reaches the maximum value and defects such as sagging and excess metal are 
controlled [65].
The pulsed plasma mode extends the capabilities of keyhole plasma welding to all positions 
including vertical and overhead. The advantage of pulsed operation is that a wider keyhole is
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formed with the beneficial effect of increasing the tolerance to joint fitup variations and 
seam/torch alignment. The travel speed in pulsed mode is generally lower than in continuous 
current operation as each successive pulse must overlap the preceding pulse by 60-70% to 
guarantee underbead continuity. [54]
The welding vertical speed of a plasma keyhole welding conducted on the pipe sample of 
406mm and wall thickness of 6.4mm is shown on figure 16.
Figure 16
Relationship between variation of welding current, plasma gas flow rate and welding speed[61l 
Pipe diameter = 406mm, and wall thickness = 6.4mm thickness
Experimental trials on mild steel pipe (thickness 6.4mm, outside diameter 406.4mm) in Japan 
[61] revealed that sound welds can be obtained in each welding position around the pipe 
circumference by an appropriate combination of welding conditions. It was concluded, in this 
study, the plasma welding was ‘four times more productive’ than conventional GMA welding. 
Welding speeds for a single torch were between 150 and 200mm/min [60].
Experimental trials on mild steel pipe (thickness 6.4mm, outside diameter 406.4mm) in Japan 
[61] revealed that sound welds can be obtained in each welding position around the pipe 
circumference by an appropriate combination of welding conditions. It was concluded, in this 
study, that plasma welding was ‘four times more productive’ than conventional GMA welding. 
Welding speeds for a single torch were between 150 and 200mm/min [60].
3.13 Hot Wire TIG Welding
The HWGTAW process is a variant of the GTAW process developed in the mid-sixties as a 
method for achieving high metal deposition rates together with weld integrity normally 
associated with conventional TIG welding. [22].
In the HWGTAW process a continuous wire is resistively heated by passing an alternating 
current through it, from an auxiliary power source. The wire is automatically fed into the rear of 
the weld pool, this gives a significant increase in the deposition rate and reduced number of 
passes in multipass welds.
Page 29
An automated pipe welding system has been developed using four welding heads that clamp 
around the pipe circumference with each welding head welding a quadrant of the pipe [40]. 
Increases of 30% and 40% productivity in comparison with other mechanised pipe welding 
systems are claimed. The effectiveness of the process fundamentally depends on the wire 
between the contact tube and the pool having sufficient electrical resistance, this in turn 
depends on a combination of wire diameter and its specific resistivity.
The TIG hot wire process is commercially available as a system, which uses a single power 
source. The DC power supply shares its output between arc and the resistance-heated wire. The 
main advantage of this system is reduced capital equipment cost, small physical size 
(comparable with conventional TIG equipment) and ease of operation [59].
The process is used principally on pipe wall thickness greater than 6mm where a deposition rate 
similar to that of MIG welding is claimed. Research at Cranfield University [56], looked at both 
DC and AC wire heating with a view to using the parameters in future automatically controlled 
applications. The outcome of investigation showed that Hot Wire GTAW does not appear to be 
consistent enough for automatic application when using a simplistic approach to parameter 
evaluation. Hence complex and costly digital controllers and associated equipment must be 
obtained before the full benefits of this process may be obtained.
3 .14  H igh  C u rren t TIG  W elding
High current GTAW is a variant of GTAW process developed in Russia around 1964. It is also 
known as “buried arc” GTAW and allows the welding of thick materials with no edge 
preparation. High currents (500 -  1000A) are employed to generate large arc forces, which 
promote the formation of a deep cavity in the molten weld pool. The tip of the electrode may be 
lowered into the root depression [66]. These conditions effectively localise heat source to the 
plate centre, and increase heat transfer efficiency by reducing radiation loss [67].
A variety of materials have been welded using high current GTAW such as stainless steels, low 
alloy steels and magnesium alloys [66].
Despite the fact that high current GTAW can be easily automated it is claimed that its wider 
acceptance is limited by its low welding speed as well as problems with high density, high 
thermal conductivity materials, such as normal steels. This is contrary to recent developments at 
CSIRO, which has shown that speeds of up to lm/min can be obtained on thicknesses up to 
6mm with 2205 duplex stainless steel. In addition CSIRO has shown that the process may be 
operated in the keyhole mode at high speed.
3 .15  A d h esive  b o n d in g
Numerous components and products have been joined and assembled using an adhesive 
bonding. The use of adhesives is well established in transport applications, in particular in 
aircraft industry and construction industry [58].
The performance of structural adhesives has developed to a state where the use of adhesively 
bonded joints may be specified for transmission pipelines as an alternative to welded joints. 
Adhesive bonding is only in the early stages of development and there is some reluctance to 
implement it until design guidelines are implemented and training strategies are available.
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It is beneficial to design components in such a way that successful adhesively bonded joint can 
be achieved. In particular the joint should be designed such that forces experienced tend only to 
compress the adhesive or induce, if possible, both compression and shear loads.
Successful implementation of adhesive bonding, just as with welding, has specific 
requirements. Therefore it is not simply a replacement for welding but a complementary 
technique. [57]
Major advantages are; provision of a large stress bearing area, excellent fatigue strength, and 
good shock absorption which is regarded as important during lowering pipe into the trench. It is 
also claimed that galvanic corrosion is also reduced, smooth contours around joint areas is 
obtained with excellent sealing which improves damping and overall structural stiffness. 
Distortion and metallurgical changes are also reduced due to the absence of thermal damage. 
Despite its wide application in other industries, adhesive bonding has not been used widely for 
joints in transmission pipelines due to limitation such as;
♦> Surfaces will generally need to be cleaned and decreased, also significant cure times may be 
required.
♦♦♦ Heat and pressure can be used to speed up cure time of an adhesive, which implies that 
robust jigs and fixtures are required to hold components whilst joint cures.
❖  Conventional non-destructive inspection of bonded joints is difficult and adhesive shelf life 
may require special storage conditions.
♦> It is reported that adhesives have poor resistance to peel and cleavage stresses in relation to 
shear and tension loading.
The cost of adhesive bonding depends on the particular operation, as well as the size and type 
of joint. The cost of equipment may vary greatly [58], and the cost of pipe cleaning and 
degreasing might be prohibitive.
3.16 Mechanical Joining
The most common method of mechanical joining of two pipes is by fastening, using bolts, nuts, 
screws, threads, pins, and a variety of other fasteners.
Figure 17
Mechanical Joint on the Water-Pipeline Mt. Nebo, West Wollongong
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Mechanical joining generally requires that components have holes through which fasteners are 
inserted. These joints may be subjected to both shear and tensile stresses during lowering pipes 
in trench, and fluid pressure during the joint life in operation. Appropriate sealing mediums 
such as rubber, silicon and aluminium rings are used to prevent leakage of the fluid through the 
joint.
Permanent mechanical joints in transmission pipelines using the full-encirclement welded split 
sleeves are often use in repairing defects of damaged pipe. The standard design for such sleeves 
are found [60] in API RP 1107, “Recommended Pipe Line Maintenance Welding Practices”.
The advantages of mechanical joining can be summarised as; ease and low cost of 
manufacturing, easy of assembly and transportation, easy of parts replacement, maintenance or 
repair, does not requires skilled welders. It is unlikely that mechanical joints could compete 
with welding for pipe laying in the field.
3 .1 7  H o m o p o la r  P u lse d  W elding
Homopolar pulsed welding is a forge welding process which uses a high energy pulse to heat 
the contact surfaces prior to forging. A Homopolar Generator (HPG) capable of delivering a 
multi-megawatt, megampere-current pulse into resistive or inductive load with high efficiency 
is used.
1 energy stored in rotor by motoring to speed
2 magnetic field, B, is established, creating homopolar voltage, V
3 circuit Is closed, initiating current pulse through workpiece 
contacting surfaces
4 contacting surfaces heat preferentially due to constriction resistance 
at low pressure
5 pressure is Increased to forging pressure at optimum interface 
temperature, typically 85% of melting temperature for carbon steels
5 surfaces coalesce into a forged, diffusive solid-state joint
Figure 18
HPW process summary [68]
Heat generation is concentrated at the interface between as homopolar current is conducted 
between them. Because of the very high peak current and workpieces power, weld time is very 
short (approximately 0.5 to 1 second), reducing time-at-temperature exposure and related 
microstructural changes. No flux or filler is required during welding and the interface 
disappears completely in a good weld. Varying the excitation current of the HPG as well as 
current pulse shape can significantly alter heating and cooling rates; preweld and postweld 
pulses could therefore be achieved by allowing desirable heat treatment effects in the same 
fixture. Therefore by identifying and monitoring key process variables, a measure of weld 
quality can be achieved in real time so that weld can either be reworked or deemed acceptable.
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Pulsed homopolar welds in HSLA X-60 steel pipe joint, which was a half-lap mash seam (i.e., 
each workpiece overlaps the other by one half the workpiece thickness), were found to have a 
joint efficiency (weld strength to parent strength ratio) of 150% without a corresponding loss in 
ductility [68]. Joints in X-60 steel pipe met or exceeded API/5L-1104 acceptance criteria [69].
Numerous advantages of HPW have been identified; no bulk melting occurs, no cast structure 
remains in the weld zone. The heat-affected zone is relatively small and time dependent effects 
such as grain coarsening, sensitisation, and segregation are practically eliminated. Because of 
high pressure forging it is claimed that impurities and foreign particles in the interface can be 
extruded out of the weld. The cycle time is limited only by the charging period of the HPG 
(typically 2 to 5 minutes).
3 .18  S u m m a ry  o f  th e  variou s p ro cesses
The various process options are summarised in the table 1 on the next page;
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PROCESS ADVANTAGES DISADVANTAGES JO IN TS/D AY
M M A W -  Cellulosic 
stovepipe welding
Widely used, coped well with mismatch, robust, and suitable for 
populated or cultivated areas and difficult terrain.
Dependence on skilled operators, HACC problem on X80 and over, 
potential use of preheats to avoid cold cracking.
220
MMAW -Low  hydrogen Good tolerance to HACC problems Slow, prone to welder induced defects requires skill/ welder training. 65
Mechanised Gas Metal 
Arc Welding (GMAW)
Proven on a thicker wall and offshore. Less skill dependent. Claimed 
high production rates & improved tolerance to HACC
Less robust equipment, deviation from the preferred parameters 
often results in weld defects particularly lack of sidewall fusion.
180
Mechanised GMAW -  
Controlled Transfer *
High root run completion rates reported. Possibility of single sided, 
unbacked root. Low hydrogen process.
New technology. Limited information available (200)
Flux Cored Arc Welding Very high production rates using high current, low hydrogen weld, 
superior weld metal toughness, flexible weld chemistry.
More appropriate for filling runs on thick pipe. Limited application 
outside Russia
55
Explosive welding Offshore trials conducted. 6km field trials in Canada in 1984 on 
1050mm, cold working process, minimum fixturing, High speed, 
portable
Safety and noise, concern over consistency of the process, cost of 
consumable sleeve might be significant, difficulties in carrying out 
repairs
N/A
Electron beam welding Several feasibility studies for J laying, high depth to width ratio, superior 
penetration control, Low heat input, one pass welding. Speeds 6m/min
Joint preparation critical, welding difficult in horizontal position. 
Extended set up time.
300
Laser welding Several feasibility studies for J laying, Single shot weld, heat can be 
controlled, no weld contamination, not influenced by magnetic field.
Joint preparation critical, maximum joint gap 0.3-0.4mm. Extended 
set up time
300
Flash-butt welding Single shot, High production rate (3min per seam for 1420mm dia. Pipe) 
suitable for HSLA steels.
Very heavy equipment. Inspection difficult. Limited application 
outside Russia.
N/A
Friction welding One shot, robust process potentially high completion rates, Requires rotating insert, problems with pipe alignment, difficult to 
transmit sufficient axial force, damage to pipe coating is possible, 
difficulties in achieving minimum tensile strength.
N/A
Magnetically Impelled Arc 
Butt (MIAB)*
Normally applied on automotive and process pipe but appropriate to 
Australian pipe dimensions. One shot simple to mechanise, good bend 
and tensile properties have been reported. Short weld time low material 
loss
Relatively untested in transmission pipeline joining. Upper thickness 
limit around 9.5mm and largest machine is capable of welding 
approximately 305mm diameter pipe, unattractive for heavy wall 
thickness
300 -  500
Keyhole and FTilsed 
Flasma Welding*
Plasma keyhole has been developed for girth welding for offshore root 
runs of 6 to 7mm root face at 200mm/min. High quality single pass 
weld, deep penetration and high welding speed, weld thick material up to 
10mm stainless steel
Require pulse or adaptive control to cope with fit up and 5G 
position. Multihead system for improved speed.
200-300
( d u a l
to r c h )
High current GTAW * High welding speed, low hydrogen process Unproven on girth welds, possible requirement for adaptive control 200-500
Hot Wire GTAW High production rates. Very tolerant to HACC and suitable for high yield 
steels.
Complex multihead system, little benefit for root run 200
Adhesive bonding Rapid, low skill, reduce galvanic corrosion, excellent fatigue strength, 
good shock absorption, sealing
Service life investigation required, surface need to be clean and 
degreased, heat, jigs and fixtures are required to cure an adhesive
N/A
Mechanical Joining Low cost o f manufacturing, easy of assembly and transportation, does 
not requires skilled welders.
Too slow, limited life o f a sealing medium, Heavy equipment 
required
N/A
Homopolar Pulsed Weld Fast welding process, strength of the weld can be higher than parent 
material




3.19 Process ch oie e
Most of the welding techniques listed in table 1 are capable of producing sound weld in 
pipelines of grade X70 and above. However, in Australia the need for a competitive process 
for producing high quality welds in small diameter thin wall pipe indicates that the chosen 
welding process requirements should include;
Ideally a one shot welding process
❖  A one sided process
❖  Reliable in Australian geographical terrain, rain forests, deserts, mud, etc 
♦> Able to produce high quality welds on high strength low alloy steels
♦♦♦ Low hydrogen
❖  Easy to mechanise, automate and operate 
♦> Short set up time
❖  High welding speed
❖  High completion rate for critical strength root run
❖  Unaffected by wind, dust, sand, moisture, temperature variations 
♦♦* Portable and robust
Minimum edge preparation
❖  Low maintenance costs 
♦> High level of safety
♦♦♦ Capable of 24 hour operation
From this survey the mechanised welding processes, which are most likely to satisfy above 
requirements are;
♦♦♦ Controlled transfer GMAW 
♦♦♦ Plasma welding 
♦> High current TIG welding 
❖  MIAB welding
From these four recommended welding processes, controlled transfer GMAW uses the latest 
control theories on controlling and maintaning arc stability, which are reported to be 
extremely promising. However system itself has not been practically verified on welding low 
alloy high strength steel, in particular on API 5L X80 pipes. The controlled transfer GMAW 
system is readily available on the market and easy to mechanise with very low maintenance 
costs required. This advantage has been explored through experimental work as described in 
the following chapters.
The other three welding processes were unavailable in time to be experimentally investigated 
on X80 pipes. Therefore these need to be investigated in the near future to further reduce 
development costs.
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Description of the Experimental Set up and procedure
A low cost experimental setup was designed and built to investigate practical application of 
the GMAW-STT technique described in chapter 3 for girth welding of transmission pipelines. 
The set up has features commonly found in mechanised GMA welding machinery throughout 
industry. The torch is mounted on a support, which gives the possibility of adjusting the 
precise position of the torch relative to the work piece. The torch support is mounted on a 
tractor, which enables movement of the torch along the joint. Positive rotation is achieved by 
mounting the tractor on machined track, which encircles the pipe. A pinion driven by a motor 
in the tractor engages with a rack on the track. A conventional wire feed unit and welding 
torch were used.
The full experimental setup comprised GMA welding machine “Invertec STT II”, two 
welding rigs, two bug-o machines and portable monitoring system. The equipment is shown 
in Fig. 19 and are described below, also see video clip No 8.
Figure 19
Experimental set up
1 Orbital Bug-0 rig 2 Fast Bug-O machine (735mm/min) 3 Bolted post rig 4 Straight geared rail
5 Plates 6 Slow Bugo-0 machine (390mm/min) 7 Lincoln Invertec STT II 8 C02 Shielding gas
4.1 The L in co ln  In vertec  S T T I I
The Lincoln welding machine Invertec STT II (7) is an inverter based arc welding power 
source specifically designed for STT welding processes. The power source delivers current of
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desired waveform, which is optimised for short-circuiting GMA welding, and characteristics 
are superior to conventional short circuiting GMAW. The Invertec STT II has the following 
standard operating controls; On/Off switch, Peak Current adjustment, Hot Start adjustment, 
Tailout, and 2 toggle switches; one for wire sizes selection and one for wire type selection.
The welding capabilities of the Invertec STT II, according to its manufacture are; mean 
current of 225A, and mean voltage of 29V constantly delivered for 10 minutes at duty cycle 
of 60%. It is capable of higher duty cycles at lower output currents.
4.2 S h ie ld in g  g a ses
Argoshield 52 (in 80% Ag and 20%CC>2) and 100% carbon dioxide (7) are used as shielding 
gases. Pure carbon dioxide delivers greater heat input (35 volts/cm) by virtue of the increased 
field strength in the arc column while 100% argon produces a field strength of 20volts/cm.
4.3 E x p erim en ta l sam ples
For experimental expectancy, two types of steels have been used, mild steel plates and high 
strength low alloy steel (grade X80) pipe sections. The experimental plates (5) were 8.5mm in 
thickness. The length of each test piece was 300mm or 200mm. Pipe off-cuts were 400mm in 
length and 401mm outside diameter. In order to investigate the sensitivity of the STT welding 
technique towards mismatch of the pipes and inconsistency in root face thickness, the 
preparation of pipe welding samples was normal, and variable root face around the 
circumference. Most typical variations, in thickness from standard bevel API (30° 1.5mm root 
face) groove are presented graphically below, also sqq Appendix B3.
Graphical prsesentaion of "Root Face" variations from 
Standard Bevd (1.5mm 30 degrees an§e)
Pipe End No. 1 
Pipe End No. 3 
Pipe End No. 4 
Pipe End No. 18
1 2 3 4 5 6 7 8 9 10 11 12
Position around the dock
Figure 20
Typical root face variations from standard (1.5mm) API groove
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As it can be seen from the fig 19, The linear welding rig (3) has a straight-geared rail (4) 
mounted on a hollow rectangular bar, which is welded to one end of the shaft. The other end 
of the shaft is fitted into machined bearing, welded to on upright post. The welding samples 
and the bug-o system with welding torch can be position in any position around the clock 
(360 degrees), also sqq Appendix B2.
The Second rig the “Orbital Bug-O” system (1) consisted of a frame and geared ring, which 
supports, guides and propels Bug-0 tractor and torch around the pipe. This rig is primarily 
used to confirm the established range of welding envelopes on X80 steel pipes.
4.4 Welding rigs
Both Bug-0 machines have linear velocity speed regulators, which allow variable travel 
speed from 0% to 100%. Calibration of these controls was necessary and the results are 
shown in fig 21 below
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Bug-O Travel Speed - Calibration Results Circular Bug-O Travel Speed- Calibration Results
Time (sec) Time (sec.)
Figure 21
Speed calibration results
4 .5  P o rta b le  m on ito rin g  system
A portable monitoring system was built and used to monitor and record electrical parameters 
(current, voltage, wire feed rate, gas flow, and position). Details of design and construction of 
this portable monitoring system are described in detail in chapter 5.
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Portable Monitoring System
On-line monitoring of the welding parameters in GMAW is achieved in mechanised welding 
and is of paramount importance to ensure acceptable weld quality and reduce repair as well as 
inspection costs. Due to the mobile nature of the girth welding on transmission pipelines it is 
necessary that monitoring system is portable, reliable and robust.
A prototype portable monitoring system was therefore designed and built to allow on line 
monitoring of the welding parameters current, voltage, wire feed speed, gas flow, as well as 
position of the torch around the pipe. During monitoring weld parameter data is 
simultaneously acquired from the sensors by the data acquisition and analyses hardware and 
stored as analogue voltage levels. The weld data digitised by a data acquisition card 
(DAQCard-AI-16E-4) and stored in computer memory.
As can be seen from the figure 22 a typical monitoring system consists of the following 
elements;
• Transducers
• Signal Conditioning Unit
• Data Acquisition and Analysis Hardware
• Personal Computer and
• Software
5,1 T ransducers (Sensors)
The transducers change physical phenomena into electrical signals. The electrical signals 
produced are proportional to the physical parameters they are monitoring.
Table 2 below provides details of the sensors utilised for weld parameter monitoring
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Sensors utilised for weld parameters monitoring Table 2
C o m p u te r Compaq Arm ada7710MT 150MMX, 80MB RAM-a
I/O Card DAQCard-AI-16E-4: 12Bit, 16A/D Channels, Max. Sampling rate of 
500kS/s for single channel and 250kS/s for multiple channels
P a ra m e te r S e n s o r Type S en s in g
R an g e
S ensors  O utpu t 
S ig n a l S en s o r Im age
C u rre n t Hall Effect 
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As can be seen from the table above, sensors’ outputs signals differ significantly in its form 
and magnitude. Therefore, output signals must be conditioned, to provide analog signals in 
the range from OV to +10V to suit input specification of DAQ board. The conditioning 
activities are performed by the signal-conditioning unit (circuit diagram in Appendix C3).
Two additional gas flow and position sensors have been employed in combination with 
current, voltage and wire feed sensors to enhance monitoring and control of mechanised girth 
welding. Due to its design simplicity and importance in detecting porosity and torch position, 
some additional information about those sensors are provided below.
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5.2 Gas Flow Sensor
The Flow Sensor used in this research is specifically designed for monitoring of liquid flow. 
However, it was believed that proper calibration would allow monitoring of shielding gases in 
flow range 1-251/min, with an electronic pulse output signal. The sensor would generate 
digital output signal whenever fluid flowed through the twin-vaned turbine, which rotates at a 
speed proportional to the flow rate. The rotation is detected optically and converted to a pulse 
output signal of OV and 5V. The digital signal is fed directly into the DAQ Card and 
processed further by the computer software. This sensor requires an external power supply of 
+5 V, which is provided by signal conditioning unit, see fig 24 or Appendix C3 
This approach was used because a relatively crude assessment of gas flow was required and 
the sensor was low in cost.
5.3 Position Sensor
The position sensor is a contactless switching device, which monitors welding torch position 
around the pipe. It requires an external power supply from 4.5V to 24VDC. The same 5V- 
power supply for gas-flow sensor was also used to supply 5V to position sensor. The sensor 
consists of the two cylindrical magnets and one solid state sensor (silicon monolithic 
integrated circuit), which utilises the Hall effect for determining the presence of the magnetic 
field. The magnets are attached firmly to the shaft of the pinion gear, 180° apart. The 
integrated circuit sensor is flexibly attached to the motor case. The recommended gap of 
approximately 0.5mm between sensor and magnets was set up.
Figure 23
Position sensor mounted on the shaft of gear mechanism
Two pulse signals for the each revolution of the pinion gear are generated. The computer 
software is calibrated to convert the number of pulses into pipe circumference length, as well 
as degrees around pipe starting with 0° at 12 o’clock. Total resolution of the position sensor is 
approximately 50mm, such resolution was more than adequate for these girth welding trials.
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5.4 S ig n a l C on dition in g  U nit
The basic function of the signal-conditioning unit is to amplify the low level signals, isolate, 
filter, excite, and bridge complete transducers to produce high level signals for the DAQ 
Card. The unit was designed as three channels device, voltage, current, and wire feed. Gas 
flow and position sensors do not require signals conditioning because the digital output 
signals may be connected directly to DAQ board. From schematic diagram (see fig. 24), it can 
be seen that all three channels are designed around an operational amplifier LF347, which is 
reliable, cheap and widely available.
5.4.1 Wire feed channel
The wire feed channel scales up the maximum 1.547V input signal from the wire-feed sensor 
to maximum output signal of 10V. The input signal is analog and is fed into resistor 
Ri=100kQ which has two functions. The first is to set the input voltage to OV when an input 
signal is not present, and the second function is to make the internal resistance of wire feed 
sensor negligible. Internal resistance of the wire feed sensor is measured to be 800Q, 
therefore its combined parallel resistance with Ri=100kQ is less than its internal resistance, 
therefore any error in measuring output voltage is negligible for most practical purposes.
The schematic diagram above shows that input signals is fed into Uld, which is a part of an 
operational amplifier LF347. U ld is non-inverting amplifier where all the output voltage is 
fed back to the inverting input. The straight feedback connection has voltage gain of 
approximately one and because of that it is often called a voltage follower. The closed loop 
voltage gain of non-inverting amplifier is equal to;
A CL
R i + R f  _  1
Ri
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Since B - l , The closed loop gain of the voltage follower is Acl= 1/B =1
The most important feature of the voltage follower is its very high input impedance and very 
low output impedance. This makes it a nearly ideal buffer amplifier for interfacing high 
impedance sources and low impedance output devices.
A part of OP-Amp marked as Ulc, with R2=10kQ converts the range of voltage signals (0V- 
1.57V) into range of current signals I2 (OmA- 157mA) which enters at pin 9.
< ^ >
100 nF
The simplified circuit on the left indicates that the Ulc OP-Amp has RC component in its 
negative feedback, R = (82K*270K)/(82K+270K) =63kQ, therefore the delay time constant 
for this part of the circuit is;
T =  63kQ*100nF => T =6.3ms
The capacitor voltage in a simple RC circuit is exponential. This is because the charging 
current continuously decreases as the capacitor charges and causes the rate of change of the 
voltage to continuously decrease.
If an OP-Amp with RC circuit to form an integrator is used the capacitor’s charging current is 
made constant, thus producing straight line (linear) voltage rather than an exponential. Input 
current lN=Vjn / Rjn = Ic, therefore for constant input voltage, constant input current would be 
maintained, which would result in constant capacitor current, instead of exponential.
The rate of change of the output voltage is;
AV  -  V
At RtC
Considering RC components in the feedback loop as a single element ( Zf) we can find 
frequency and time constant of this system, which would ensure that input signal does not 
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and time constant r  = RC
From the above calculations, gain V0 / Vj is calculated to be -  6.29 where minus sign 
indicates negative feedback, and delay time constant x = 6.3ms indicate relatively fast 
response. Delay time constant of the wire feed sensor which is a mechanical device is 
unknown, but experience suggest that such a time constant is far greater than 6.3ms and as 
such is dominant.
Two remaining parts of the OP_AMP LF347, U la &Ulb are an “absolute value amplifier” 
with no voltage drop across it. The main function of this amplifier is to make the conditioned 
output voltage absolute and independent of its sign. The absolute value amplifier ensures that 
positive output voltage is fed in to the computer program independent of the sensor 
orientation and position.
5.4.2 Voltage Channel
The voltage channel scales down and isolates the input voltage signal (open voltage of 73 V) 
from the Lincoln STT welding machine. A maximum input voltage of 100V was chosen as 
design criteria. A computer and the rest of the electronic equipment are protected by the 
optical isolating chip HCPL 7800 against high input voltage. A summary of operating 
characteristics for this chip is given in table 3 below;
HCPL 7800 Design operating characteristics Table 3
Parameters Symbol Min. Max Unit
Ambient Operating Temperature Ta -40 85 °C
Supply Voltages VddI, VdD2 4.5 5.5 V
Input Voltage Vin+, Vin- -200 200 MV
Output Current JJo 1 MA
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The HCPL 7800 opto-coupler has a gain G—8 and is chosen due to its availability and low 
cost. The input voltage of 100V is reduced to maximum allowable input for HCPL 7800 
which is 200mV by resistors R]5, R14, R j6.
The capacitor C 14 has function of stabilising oscillation in the circuit due to changes in the 
voltage during welding. Similarly, R ^ will also stop any oscillations in the circuit when 
sensor is not connected, by shortening its input terminals.
In order to completely isolate the input signal from the computer and other channels, two 
separate power supplies circuits are used as shown on fig.24. The first half of HCPL 7800 is 
supplied through pins 1 & 4 by second power supply (7VA/9V) and its voltage regulating 
circuitry. The second half of HCPL 7800 is supplied through pins 8 & 5 by the first power 
supply (7VA/15V) and its voltage regulating circuitry (IC 78L15 and 78L05). In this way full 
optical isolation is guaranteed.
Despite its primary function as an optical isolator, the HCPL 7800 is also an amplifier with 
gain G0i=8. Therefore the maximum input voltage of 200mV is amplified to differential signal 





The second stage amplifier can be explained by reference to the figure above and through 
detail calculations below, where;
R!=(150K*3K9) / (150K+3K9) and 
R2=R3= 1 ok 
V i=Voltage at pin 10 
V2=Voltage at pin 12 
IRi=Current through resistor Ri 
lR2=Current through resistor R2 
IR3=Current through resistor R3
The input voltage Vi and V2 also appear at pin 9 and 13 respectively.
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Iri— Ir2 -  Ir3
Iri = ( V, - V2) / R,
( V i - V 2 ) / R ,  = ( V s- V , ) / R 2 = ( V 2 - V 6 ) / R 3
=> ( V i - V 2 ) / R i = ( V 5 - V , ) / R 2 and ( V , - V 2 ) / R 1 = ( V 2 - V 6 ) / R 3
=> (R2 / R,)*( Vi - V2)=  ( V5 - V , ) ..........................equation 1
(R3 / R i)*(Vi - V 2 ) = ( V 2 - V 6) .........................equation 2
Solving 2 equations simultaneously gives;
Output voltage (V5-V6) = ( Vi - V2) * [ R2/R i + R3/R1 + 1] since R3=R2 then 
= (V 1-V 2)*[1+(2*R 2)/R1]
The second stage amplifier, amplifies 1.6V to 10V, in order to match input requirements of 
the DAQ Card (A/D converter). The gain of the second stage amplifier is 6.3. OP-Amp Ulb 
is a voltage follower which ensure a stable output signal of +10V to DAQ Card.
5.4.3 Current Channel
The current channel converts the maximum input signal of 100mA into voltage input signal of 
IV. The converted input signal is then amplified to 10V to suit the input requirements of 
DAQ Card. The converted input signal (IV) is fed into the voltage follower Uld. The voltage 
follower acts as a buffer, while U la is an amplifier with gain G;
G = (1 + ^ V ) => G = 10
*13
Unused sections (Ulc and Ulb) of the OP-Amp LF347, are connected as a voltage followers 
as recommended by manufacture to ensure smooth operation and reliability.
5.5 Data Acquisition Hardware
Output signals from the signal-conditioning unit are fed into analog and digital input channels 
on DAQ Card. Wiring of the input channels on DAQ Card could be single-ended inputs 
(referenced and nonreferenced) and differential inputs.
Single-ended inputs are all referenced to a common ground point. Non-referenced single- 
ended inputs are all referenced to AISENSE, not a common ground. The potential at this 
mode can vary with respect to the system ground. These inputs are typically used when the 
input signals are high level (31V), the leads from the signal source to the analog input 
hardware are short (<15 ft), and all input signals can share a common ground reference. In our 
case, the signals do not meet these criteria, and differential inputs are used.
A differential, or nonreferenced, measurement system has neither of its inputs tied to a fixed 
reference. An ideal differential measurement system responds only to the potential difference 
between two terminals -  the (+) and (-) inputs. Any voltage measured with respect to the
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instrumentation amplifier ground present at both amplifier inputs is referred to as a common­
mode voltage. The term common-mode voltage range describes the ability of a DAQ board in 
differential mode to reject the common-mode voltage signal. In differential mode, noise errors 
are reduced because the common-mode noise picked up by both leads is canceled out. 
Sampling rate, a parameter, which specifies how often conversions can take place is set to be 
1kHz per channel and is according to the Nyquist theorem. This theory states that sampling 
frequency has to be at least double than frequency of the signal.
5.6 Computer and Monitoring Software
A portable monitoring system requires a portable lightweight computer capable of fast data 
processing and superior floating point calculations. The Compaq Armada 7710 series with 
PENTIUM 150MMX CPU, and 80Mb of RAM-a was chosen to suit these requirements.
Figure 25
Portable monitoring system 
[ see also A p p e n d ix  C4 ]
The monitoring software is written in Lab-Windows and Watcom-C-ver.5. A working version 
of monitoring software is a true 32-bit program capable of simultaneously reading, 
processing, logging, and displaying data in separate window for each channel. The program is 
capable of scanning 5000 samples/sec. Due to large amount of data 320kB/sec, which has to 
be processed displayed and permanently stored, only 10 seconds of the welding operation can 
be continuously monitored in transient mode. Such limitation can be easily overcome with 
larger hard disk and an extra memory. In mean value mode the amount of processed and 
stored data (mean values) is significantly reduced, therefore a current computer configuration 
is adequate.
A Portable Monitoring System is not restricted only to girth welding of transmission pipe 
lines, it can to be used without any modifications for on-line monitoring of the GMA welding 
processes in various industries.
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Experimental Results
High quality root pass welds and high deposition rates are dependant on three welding 
parameters; weld travel speed, wire feed rate, and gap between two pipes or plates. Varying the 
welding parameters, boundaries of the welding envelopes were obtained. Such defined welding 
envelopes contains the sets of welding variable for which high weld quality is guaranteed. 
Tensile strength, weld area, dilution, weld throat and full penetration are used to measure weld 
quality as shown in appendix D 13.
The welding experiments were divided in three groups; butt welding experiments with plates in 
all three critical positions, butt welding experiments with pipe in the 5G position and online 
monitoring of weld penetration experiments. The experiments were performed by mechanised 
welding on flat plates at first, with aim to verify these parameters in the orbital trials.
The experimental data obtained from the flat plate trials in the three most critical positions 12, 3 
and 6 o’clock are summarised through welding envelopes as shown on below.
6.1 Horizontal Welding Envelope
Figure 26
Welding envelope for plates positioned in horizontal position, which corresponds to 12 o’clock
position on pipe.
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6.2 Vertical Welding Envelope
Figure 27
Welding envelope for plates positioned in vertical position, which corresponds to 3 o’clock
position on the tube.
6.3 Overhead Position Welding Envelope
Figure 28
Welding envelope for plates positioned in overhead position, which corresponds to 6 o’clock
position on the tube.
Page 49
6.4 Orbital Welding Envelope
Figure 29
Tube welding envelope, maximum TS has been applied all around pipe circumference
6.5 Online monitoring of weld penetration experiment
While welding envelopes shows the sets of welding parameters for which weld quality is 
guaranteed. On-line monitoring in a real time not only ensures that weld settings are maintained 
during welding process but also can detect weld penetration or degree of penetration.
The on line monitoring of weld penetration experiments were carried out on two welding plates 
1.3mm apart in horizontal position, with all other settings remaining the same as in shown in 
Appendix D4-D5. The first half of the plate was welded by maintaining the arc in the middle of 
the groove and producing full penetration. The second half of the plates were welded by 
steering the arc, 3-5mm to the side of the groove were no penetration can be obtained. The 
corresponding mean signals were recorded using the portable monitoring system and the results 
are presented as on fig 30 below. As the figure indicates red lines represent mean values of the 
currents, voltage, and wire feed rates for which full penetration is obtained. On the other hand 
blue lines represents mean values of the current, voltage and wire feed rates for which no 
penetration is achieved.
The corresponding differences in the mean currents and voltages give us an opportunity to 
detect root penetration, which ensures that sound weld is produced. A wire feed rate has no 
effect on the weld root penetration, it depends on differences in mean currents and voltages. 
Novel seam tracking for automated GMAW-STT welding can be further developed for 




















Surface tension transfer (STT) welding is a novel approach in welding of transmission 
pipelines, it allows controlled deep transfer, improved arc stability and virtually eliminates 
spatter. This in turn improves control of the process particularly for single sided root bead 
welding.
Before starting a series of welds, the mechanical adjustments of the torch are very important. 
The correct positioning of the torch in relation to the groove, and distance between tip and 
workpiece has to be ensured. Parameters can be well chosen, but if mechanical adjustment are 
not correct the welding results will remain rather bellow expectations.
7.1 Welding En velopes Discussion
The horizontal welding envelope on fig.26 shows that GMAW-STT process is quite tolerant to 
gap, travel speed and wire feed speed variations. Travel and wire feed speeds are inversely 
proportional to gap between plates. For travel speed of 390mm/min and a wire speed of 
6.5m/min narrow gaps (1.4mm-1.7mm) are required in order to guarantee full penetration. In 
contrast, low torch and wire travel speeds of 150mm/min and 4m/min respectively would 
guaranty full weld penetration with gaps from 1.5mm to 2.5mm. As the gap between plates 
increases from 1.5 to 2.5mm, the balance between gravitational forces and surface tension 
changes. It is also important to notice that high peak current of 386A (see also A p p e n d ix  D4.1) 
has been set to suit conditions with torch angle of 90° relative to the plates. The importance of 
this statement will be discussed later.
As vertical welding envelope on fig.26 indicates, vertical welding is the most tolerant welding 
position. The GMAW-STT process tolerates significant gap variations, even at higher travel 
and wire feed speeds. It is even more tolerant at higher speeds than at lower speeds.
It is important to notice that welding parameters for vertical welding (see A p p e n d ix  D4.2), in 
particular peak and background were current changed. The changes reflect new requirements 
required by alteration in torch angle. In horizontal position, the torch angle was perpendicular to 
the plates allowing the molten pool to be pulled by the gravity downwards, and pushed by the 
arc forces into the groove, producing fusion and penetration. However, the balance of forces is 
changed in vertical and overhead position and some adjustment of the dynamic characteristics 
of the power supply is necessary.
In the vertical and overhead position, the weld pool is force by gravity and arc forces to flow in 
front of the welding arc. A high portion of the arc melting energy is absorbed in the welding 
pool, and therefore low penetration or inadequate fusion may occur. If the torch angle is 
changed from 90° to 72°, and a lower setting of peak current is used, full penetration and fusion 
are achieved.
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As overhead position welding envelope on fig.28 shows that overhead welding is only sensitive to 
variations in gap, while other welding parameters do not differ significantly from the vertical or 
horizontal position. The settings in the welding envelopes produced welds with consistent 
fusion and penetration as shown by macrophotography in Appendix D4.3.
In orbital welding envelope (fig.29) uniform travel speed for all three critical positions around the 
pipe has been achieved by maintaining appropriate torch position around circumference, as can 
be seen on video clip No.9. In addition, CO2 has been used as shielding gas to provide an 
increase in heat input.
Analysis of all four tolerance boxes indicates that, as torch travel speed increases, the required 
gap between plates tends to be reduced, therefore torch travel speed and gap are inversely 
proportional, as previously stated.
Observing trends in gap size from these results leads to reasonable prediction that for super 
high speeds such as lm/min gap has to be reduced to 0+0 5mm. This has enormous benefits for 
accuracy and speed at which tubes are aligned. To achieve penetration at 0+0 5mm gap, 
geometry of the groove has to be modified. Encouraging experimental trials with mild steel 
plates machined to different angles and root face thickness were conducted. Experiments shows 
that good weld quality and penetration are obtained in overhead position with groove geometry 
of 74° and root face thickness of 1 mm as shown in Appendix D4.4, cases 50 and 51.
7.2 Effects o f different settings and variables on the weld pool
When girth welding pipe the thermal energy transferred from the arc during its movement 
around the pipe might cause progressive heating of the weld area. Thus if the arc energy input is 
not reduced along the weld the volume of the weld pool and the extent of the metallurgical 
changes in heat-affected zones will continuously rise. Orbital welding is more demanding 
because the welding has to be carried out in all positions; 9 o’clock, 12 o’clock, 3 o’clock, 6 
’clock, passing continuously from one to the other as shown on fig 31.
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In all position the balance of the weld pool is important, that is to say the equilibrium of the 
gravity and surface tension forces must be guaranteed at all times.
During this experimental work two techniques were used to ensure a desirable balance of 
gravity and surface tension forces in the weld pool.
7.2.1 Short circuit control
Thq first technique widely known as short circuit control is build in to the STT power source. 
This is a current controlled machine capable of changing the current quickly in order to respond 
to the instantaneous requirements of process. By sensing changes in welding voltage, and hence 
electrode state, the power source supplies varying output currents to minimise spatter and 
assure fusion of the weld.
Figure 32
1 Welding current pulsation” technique is characterised by a short energy peaks (P=V*I) 
followed immediately by a reduction of energy
As shown on figure 32 above, the controlled short circuiting process technique is characterised 
by a short energy peak followed immediately by a reduction of energy allowing cooling down 
the weld pool by conduction and heat transfer into the workpiece. Thus, the weld pool size is 
restricted and remains controllable. The efficiency of this method is dependent upon the up- 
slope time for each current impulse, which, for melting purposes, must remain very short in 
order to allow a rapid heat input into the workpiece.
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The frequency of short circuiting is directly related to wire travel speed and its diameter. These 
parameters have to be adapted to the wall thickness, the material chemistry and shielding gas. 
Throughout experimental work has been notice that HSLA steel (X80) shielded with 100%CO2 
gave better results than mild steel shielded with Argoshield 52 or 100%CO2. This resulted in 
full penetration, higher travel speed and high quality welds.
7.2.2 Varible settings
The second technique known as “variable settings” was also used to ensure equilibrium of 
gravity and surface tension forces in the weld pool. The operator has full control of settings 
such as peak current, background current, current tailout, travel speed and gap.
As shown with red ellipse in fig. 31 progressive heating of the weld area during orbital welding 
can be also control with torch travel speed.
At high welding speeds (735mm/min) the rate at which molten pool is cooled is also high, 
resulting in a narrow temperature distribution around the molten pool. A greater the rate of 
cooling ensures dominance of surface tension forces against gravity forces. Changing travel 
speed or currents is more evident because of its impact on the thermal cycle. Effects of different 
settings on the weld are explained below.
7.2.2.1 Peak Current
Since the GMAW-STT set operates in dip transfer mode, the short circuit current influences 
droplets detachments in time interval from T1 to T4 as shown in fig.7 on page 13. The same 
figure also indicates that during time interval from T4 to T7 peak (plasma boost) current serves 
to establish the arc length and promote good fusion. During time interval T4 to T7, high peak 
current levels will cause the arc to broaden momentarily while increasing the arc length. If set 
too high, globular type transfer will occur as shown in A p p e n d ix  D2. Setting this level to low 
will cause instability and wire stubbing.
The Type of shielding gas used can greatly affect the arc length. For 100% C 02 shielding gas, 
peak current level should be set at higher level than in a corresponding application using a gas 
blend with a high percentage of Argon. Longer initial arc lengths with 100% C 02 are require to 
reduce spatter.
Figure 33
Welding Peak and Background Currents
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7.2.2.2 Background Current
The background current provides the control for the overall heat input to the weld. Setting this 
level too high will cause a large droplet to form and globular type transfer to occur resulting in 
increased spatter. Setting this level to low will cause wire stubbing and poor wetting of the weld 
metal. This is similar to a low voltage setting on a standard CV machine, see also Appendix D3 
Background current levels for application using 100% C02 is less than similar procedures 
involving gas blends with high percentage of Argon. This is a result of greater heat generated in 
the 100% C02 arc. (100% C02 is 35volts/cm and 100% Argon is 20 volts/cm. 75% Argon, 
25% C02 is about 24 volts/cm.
7.2.23 Hot Start
The hot start control can be set to enhance arc starting and provide the capability of increasing 
the heat at the start of the weld to compensate for a cold work piece. Hot start button adjusts the 
time for which, additional current is applied during arc starting. As fig 34 indicates the arc 
starts almost at Opsec, and slightly higher pulsating peak current of 280A and corresponding 
lower pulsating voltage (5-17)V are applied for 34psec.
Figure 34
Hot start supply additional current and voltage in order to establish and maintain the arc at
start up.
During this time interval, a work piece has increased its resistance sufficiently enough to allow 
low current flow of 10A and high voltage of 50V to further maintain welding arc. A so called 
"dummy time" of 11 Opsec is used by the power source to fully charge its capacitors in order to 
establish controlled welding waveform (samples beyond 780). Established welding waveform is 
fundamentally different from hot start waveform (samples before 170) as shown on fig34.
7.2.2.4 Tailout
The tailout controls the rate of change at which peak current drops to the background current, as 
shown in the sketch below as well as on fig.7 pagel3, between time intervals T6 and T7.
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If tailout is set to 0 an instantaneous peak current drop is expected and no spatter would be 
generated. For values greater than 0 the peak current drop is exponential with time delay, which 
provides additional heat without the molten droplet becoming too large.
The tailout is increased as necessary to add “Heat” to the arc without increasing arc length, this 
will allow for faster travel speeds and produce improved wetting. An excessive increase in 
tailout would result in spatter increase. As tailout is increased, the peak and/or background 
current are usually reduced but this depends on torch travel speed.





7.3 Online Monitoring Discussion
As fig.30 on page 49 indicates, online monitoring of electrical welding parameters allows 
online monitoring of full penetration or even degree of penetration. If no penetration occur it 
could be easily detected from variations in mean voltage and current. An increase of 1.5V to 2V 
for voltage and drop in current about 20A would indicate that no penetration is achieved. 
Steering the welding arc away from the groove centre causes the arc to shorten. In order to 
maintain arc length and spatter free welding the STT machine is designed to increase voltage to 
maintain the arc length, and reduce current to avoid explosive rupture of the short circuit and 
high levels of spatter. In such away constant mean resistance, and constant heat input are 
maintained.
Mean resistance at full penetration = 15.5V/170A = 0.091 Q and 
Mean resistance at no penetration = 17V/150A = 0.11 Q
It is important to notice that current and voltage behaviour, caused by shorter arc length, are 
opposite to behaviour in conventional GMA welding, were shorter arc would increase mean 
current and melting rate in order to increase arc length. Mean values for voltage and current 
could be used to not only monitor full penetration or detect degree of penetration but also to 
guide the torch along the groove, which in turn would provide basic condition for full weld 
penetration.
7.4 Yield Strength o f pipe welding samples
Welding samples are obtained by cutting from different cross sections around the welded pipe 
and represent various welding conditions. Samples were then sectioned and polished using 
P I20 and P240 grid paper on the polishing machine until all visible scratches disappeared from 
the surface. Etching was carried out in 2.5% nital and then samples were macro-photographed.
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Hardness measurements were made using a Vickers hardness tester with a load of 10kg. The 
results obtained are an indicator of weld strength obtained and are shown in Appendix D5. It is 
important to notice geometrical variations in samples caused by misalignment, which have an 
impact on slightly broader hardness band. The hardness obtained ranges from 199 HV/10 to 
260 HV/10, which is quite similar to results obtained by hardness testing of welds welded by 
cellulosic electrodes [88]. Comparison with other research [88] reveals that there is a significant 
difference in dilution between welds obtained by cellulosic electrodes and the mechanised 
GMAW STT technique.
The dilution obtained for welds made by cellulosic electrodes varies from 41% to 60.96% also 
as stated by Park [88] “the results shows that the dilution was not uniform across the weld since 
a constant speed was not maintained during welding operation and dilution depended on the 
type of joint, and the weld bead profiles”. However in mechanised GMAW-STT welding, 
constant travel speed and constant distance between tip and groove were easily maintained, 
significantly higher dilution from 64% to 80% was obtained but the macrophotos of bead 
profiles show the extent of fusion and penetration was consistent from weld to weld with 
consistent trend in dilution. The high dilution welds have similar superior toughness as low 
dilution welds obtained by cellulosic electrodes.
Using appropriate tables, hardness results were converted to approximate tensile strengths, 
which are shown in Appendix D5, D6, and D7. Weld yield strength at this stage could be 
approximate to be (0.8 to 0.9) * Tensile strength.
7.5 Practical application of Experimental Results
It is well known throughout pipeline industry that a rate of clamp release significantly 
influences project cost and duration. Current practice allows a clamp to be released at about 
80% of the root pass completion with MMA welding. Research on clamp release at University 
of Adelaide suggests that clamp can be released at 50% root completion. However, the results 
of this research and calculations below indicate that clamp can be confidently released at about 
23% of the root pass completion.
Current welding practice on transmission pipelines involves lifting the next available pipe, 
aligning it by means of an internal clamp and welding. During those activities, pipes are 
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Aligned pipe subject to forces F from its own weight concentrated at centre of gravity, FA is 
reactive force at joint, Fb is reactive force at free end.
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The clamp release calculations shown below are based on consideration of the four worst 
possible cases, which might occur during construction of pipelines, and these are;
1. The top and bottom (areas of highest stresses) of the tubes are misaligned 1.5mm in 
y - direction.
2. The maximum possible moments are exerted on the weld at all times
3. Lowest weld tensile strength is experimentally obtained (see A p p e n d ix  D5)
4. Minimum weld deposition rate (see A p p e n d ix  D5)
The highest load on the weld is exerted by shear force FA = (880 N/m * 12m)/2 = 5280 N, 
which produces primary shear stress X, and maximum possible moment M = F*12m = 63360 
Nm, which produces a normal bending stress G in the weld.
For the lowest tensile strength of 630 MPa detected in the sample during hardness tests (see 
appendix 4) corresponding yield strength Sy could be calculated as; Sy = 0.85*630 «536MPa 
where; 0.85 is practically acceptable ratio between tensile strength and yield strength for steels. 
Minimum permissible stress Syp, depends on type of load. For shear loads in butt welds or fdlet
maximum-shear-stress theory suggests allowable shear stress Syp or also denoted as Tall to be;
0.5*Sy => Syp or Tallow. = 268 MPa.
Weld leg w = 3.5mm / Cos30° w  -4mm, where 3.5mm is minimum weld throat as shown in 
appendix D pagel3. Since highest loads occur at top and bottom of the weld, section modules 
of weld treated as line can be calculated as;
Zw = b*d => Zw =  b* 390*10'3 m
where; 390*10'3 m is distance between top and bottom weld, which is internal pipe diameter
Resulting stress R— 0.701 *w*T allow — 757904 N/m
Vertical shear stress, assuming uniform distribution of the shear force, gives
T allow. (757904^ /in)2
(  63360Nm Ÿ  
Kb * 0.390w j a)
also; T a l lo w -  FA/b  ......... (2)
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from (1) and (2) we have;
b1 =
FA
75 79042 - f -----'
\b  * 390 * 10 3 y
(5.74*10" * b 2 -1  * 109)* b2 = b2 *F a
As previously calcultaed FA =5280N  therefore
l2  27.87 * 106 +1 * 109b = --------------------------
5.74 * 1011
=> b « 42.3 mm
During joint assembly, the most important factor in obtaining a high quality joint is to make 
sure that the fitup of the joint prior to welding is perfect. For this reason air pressure clamps are 
used.
Due to uncertainties as previously described two factors of safety ns and «/ are defined, as 
recommended by Shigley [89]. One of them ns = 1.4 is used to account for uncertainties in the 
weld strength. The other «/ = 5 accounts for uncertainties with regard to the load. Numerical 
values for ns and «/ are arbitrary chosen based on design experiences. Thus total factor of safety
will be n = ns * «/ => n & 7
A total factor of safety n-1 is applied to account for uncertainties in the strength if an excessive 
overload occurs and also for unknown loads generated by alignment clamp on the weld. Since 
the second half of the pipe is supported by reaction force F b, weld size required to support 
remanning half of the pipe’s weight is;
• Weld leg = 4mm
• Top weld length +bottom weld length = 42 * n = 294 mm which is 23.4% of 
the circumference 1256mm (OD= 401mm)
Since the highest loading on the weld occurs at top and bottom corresponding weld length = 
147mm for top and 147mm for bottom part of the tube.
Above calculations are based on superposition of the four worst possible cases. This is unlikely 
to happen if proper welding procedures are practised, therefore clamp release below 23% root 
completion seems practically quite achievable.
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Conclusion
This research project has indicated that there are four potential process options for mechanised 
girth welding of transmission pipelines, which could meet the Australian requirements. The 
options proposed would facilitate the use of thin wall higher yield strength steels and allow on 
line monitoring of weld quality.
The implementation of these techniques requires careful attention to the logistics of front-end 
operations and innovative design of the mechanised system to ensure that satisfactory 
production rates can be obtained.
A practical assessment of mechanised controlled transfer GMAW revealed that process can 
produce high quality welds and allow high joint completion rates to be achieved. Furthermore, 
high quality welds were produced without varying preset welding parameters while the arc 
travelled around the pipe’s circumference. The process is tolerant to the variations in the gap as 
well as root face thickness and misalignment of pipes.
A portable monitoring system, which allowed online monitoring of electrical parameters during 
welding operation was developed and successfully tested during the experimental work. Such 
an online monitoring system is capable of not only monitoring but also detecting root weld 
penetration or even degree of penetration.
The costs for GMAW-STT root runs were re-evaluated, and it was found that a weld time of
0.7min could be achieved. This is faster than the comparative costing indicates and would 
easily meet the productivity requirements. The critical factor is therefore the set-up time and 
this must be controlled to below lmin if economic viability is to be possible.
A practical assessment of remaining three welding processes and corresponding system design 
studies are recommended to finalise the choice of processes and further reduce the development 
risks.
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The following tasks are recommended for further investigation
i. m m i m envelope rosi hkh m m m  ipeee
During this project, 3D welding envelopes for three most critical positions have been 
established. Such envelopes completely defined conditionos for lower (390mm/min) welding 
speed. For orbital welding 2D envelope was also established for higher (735mm/min) welding 
speeds.
Since the 2D envelope was experimetnally obtained by welding the pipes, it is desirable to 
generate a 3D envelope by welding plates ( of X80 steel ) in all three critical positions at the 
higher welding speed.
2. Qfl J now lEWOfi TO PE REFUm
The gas flow sensor is used to indicate only presence or absence of a shielding gas. The sensor 
is designed to measure liquid flowrate. With suitable calibration, this sensor should be able to 
measure shielding gas flow, which will further enhance on line monitoring.
Since the sensor is specifically designed to measure liquid flowrate, the turbine is loosely 
mounted on the shaft inside the sensor. If a uniform pressure distribution along the blades and 
uniform rotating speed are ensured, a steady output signal will result. However, this is not case 
with gases due to their low density. The loosely mounted turbine has a tendency to accelerate 
whenever any changes in the gas flow ocur. This results in false data recording and display. 
Furthermore, the sensor is unrepeatable with unsteady output signal and poor sensitivity to any 
variations in gas flow.
It is sugested that this parcticular liquid flow sensor be replaced with a purpose designed gas 
flow sensor, which would allow an intelligent on line monitoring of the shielding gas flowrates 
and an intelligent porosity diagnosis to be made.
nONITOKIMQ âm  KTKTIOM JOmMRE
The portable monitoring system is capable of monitoring and recording electrical signals during 
welding operations. The monitoring software records and displays the collected data.
Initial trials on detecting complete and incomplete penetration as well as porosity during 
welding have been conducted. The results achieved are extremely encouraging. Further work on
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software development should concentrate on;
• Fault detection during welding (full or no penetration, porosity, spatter, etc.),
• Development of warning system (what kind of fault or faults is/are detected),
• Development of database which would explane why particular fault happened,
• Development of database which would recommend a solution to the found problem.
• Logging of welding data based on joint position measured through the satelite 
navigation
• Transfer logged data or any other welding results to the base cump or headquarters 
for statistical or any other analysis.
For any further improvements to the monitoring and detection system, it is quite important to 
understand that the Invertec STT II welding machine is not a conventional welding machine 
with a constant voltage characteristics. The "clipped" current peaks as shown on figures 
32,33,34 are in agreement with control actions performed by the STT II welding machine in 
order to maintain and control the welding arc, as explained on figure 7 page 15.
4-. PRACTICAL TEJTIMQ OP CLAHPICLCAIC CALCULATIONJ
The clamp release calculations need to be practically verified in the field or in the laboratory if 
conditions exist.
PEilQIM
Significant effort is required to ensure that short set-up times are achieved. This requires careful 
attention to the final system design.
Or 1TK1MHI JED QIRTH WEIDINQ
The effect of the transient electrical parameters on the metal transfer needs to be explored 
further in order to ensure optimum control is achieved.
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Appendix A
High Current Mechanised FCA W  
Paton Welding Institute -  Russia
STYK SYSTEM




P ro p e r  co m b in a t io n  
productiv ity
o f qua lity  a n d
H ig h  p e r fo rm a n c e  o f fu s io n  a n d  h ig h  rate of 
filling the  g ro o ve , th e  e d g e s  b e e n  p re p a re d  
fo r  w e ld in g  in the  a u to m a t ic  duty cyc le
O p p o rtu n ity  o f w e ld in g  o f p ip e s  m a d e  from  
s te e ls  w ith d ifferent le v e ls  o f s tre n g th
□  S im p lic ity  o f m a in te n a n c e  u n d e r  fie ld  
co n d it io n s
□  U s e  o f the  m e th o d  o f fo rm in g  the  w e ld  
su r fa c e  b y  a w e ld in g  s h o e  in all po sit ion
□  P ip e lin e s  o f d ifferent d ia m e te rs  c a n  b e  
w e ld e d  with the in sta lla tion  o f th e  s a m e  
type
E Q U IP M E N T  O F  S T Y K  C O M P L E X  
It c o n s is t s  o f o n e  o r tw o  o r th ree  se lf-p o w e re d  w e ld in g  units, a  m ob ile  
w o rk sh o p  a n d  a n  in n e r h yd ra u lic  m a n ip u la to r  fo r  a lig n in g  p ip e s  to be  
w e ld e d . T h e  se lf-p o w e re d  w e ld in g  unit is  p rov id e d  w ith tw o  w e ld in g  h e a d s .  
S o  th e  p ip e s  a re  w e ld e d  from  tw o  s id e s  fro m  b o tto m  to  to p  s im u lta n e o u s ly .  
T o  p rov id e  s ta n d a rd  o p e ra t io n  o f th e  s y s te m  a  p ipe  la y in g  m a c h in e  a n d  
b u lld o z e r  a re  u se d .
W E L D IN G  T E C H N O L O G Y
T h e  te c h n o lo g y  is b a s e d  o n  the  prin c ip le  o f fo rm in g  the  w e ld  a n d  
m a in ta in in g  the  w e ld in g  p o o l in all sp a t ia l p o s it io n s  by  a  fo rm in g  an d  
c o o lin g  d e v ic e  (a  w e ld in g  sh o e ).  T h e  se lf -sh ie ld in g  flux co re d  w ire s  are  
u se d  for w e ld in g  the  n o n -ro ta te d  butt jo in ts  o f p ip e s  w ith fo rce d  fo rm atio n  of 
a w e ld . T h e  te c h n o lo g y  e n v is a g e s  th e  fu lfilm ent o f w e ld in g  the  jo in ts of 
p ip e s  with w a ll th ic k n e s s  from  6 to  2 4  m m  p e r o n e  o r  tw o  or th re e  p a s s e s  
by  a  s tra igh t-lin e  flow  se p a ra te d  m eth od .
SPECIFICATIONS OF WELDING UNIT
R a n g e  o f p ipe  d iam e te rs, m m :..... 5 3 0  ... 1 4 20
E ffe c t iv e n e ss ,  p ipe  jo in ts p e r  h o u r : .... 3 - 6  
P o w e r  of d ie se l p o w e r station , k V A : ... 100
N u m b e r  o f w e ld in g  h e a d s : ....................  2
W e ld in g  curren t strength , A : .......... 2 0 0  ... 5 0 0
A r c  vo ltage , V : ................................... 2 2  ... 36
W ire  d iam eter, m m : ................. ........ 2 o r 2,4
O ve ra ll d im e n s io n s ,  m :.... .......... 7 ,2  x 2.7 x 3,5
S e lf -p o w e re d  w e ld in g  unit m a s s ,  ton: - 1 7










Impact toughness (KCV), 
J/cm2
at +20UG at -40°C
PP-AN19 2.4 590 22 130 35
PP-AN24 2.0; 2.4 560 22 130 35
PP-AN30 2.0; 2.4 690 20 130 45
T h e  w e ld in g  m eth od , equ ipm ent,  
flu x -core d  w ire  c o m p o s t io n  have 
b e e n  p ro te cte d  by  p a te n ts  in the 
U .S .A ., C a n a d a ,  Germany, 
J a p a n ,  F ra n c e , U .K . and in other 
countrie s.
E.O.Paton Welding Institute * Ukrainian National Academy of Sciences 
11, Bozhenko street, Kiev-5, 252650, Ukraine
telephone: (+00380 44) 220-9715, telefax: (+00380 44) 227-4641, telex: 131139 RAKOC UA
Appendix B
Experimental Set up
Set up photographs, deviations from standard API groove, AutoCAD drawings of
experimental rigs
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Set u p  for vertical down welding of flat p lates
C 02 H eater and  gas flow m eter
Píre : 4 oí i i
V a ria tio n s  /ero m th e  s ta n a d a rd  B e v e l (30  d eq  /  1 .5m m ) q ro o ve  on the D ines
Pipe End No. Posiition on the pipe's circumference l=107mn1
1 2 3 4 5 6 7 I 8 9 I 10 I 11 1 12
A I dimensions in millimetres (mm) Average
1 2.1 2.6 2.6 2.6 3.2 3.2 3.2 3.2 2 2.1 1 1.7 2.32
2 3.2 2.7 2.7 2.3 2.3 2.8 2.8 2.8 2.8 2.8 2.7 3.2 2.49
3 2.5 2.5 2.5 2.5 2.3 2.3 2.8 2.8 2.8 2.8 2.8 4 2.38
4 2.2 3.4 3.4 2.4 4 2.8 2.4 2.4 2.4 2.4 2 2 2.48
5 2 2 1.4 1.4 2 2.5 2.5 2 1.5 0.2 0.3 1.5 1.48
6 2 2 1 1 1 1.5 1.4 1 0 0 0.9 1 0.98
7 1 1.2 1.4 1.4 1.3 1.3 1.4 1.9 2.4 2.4 3 1 1.56
8 1.9 1.4 1.7 2 1.8 1.8 1.5 1 0 1.1 1.5 1.3 1.31
9 2 2 2 2 2 2.3 2 1.2 0 0.9 1 2 1.45
10 1 0.9 0 0 2 2 2.1 2 2 1.8 2 1.5 1.32
11 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.6 2 2 2 1.5 1.51
12 1.2 2.3 1.6 1.5 1.5 1.5 1.5 1.5 1.5 1.5 0.9 0 1.38
-13 1.7 1.5 1.5 1.9 2.2 2 2 2 0.6 0.6 1.7 2.3 1.48
14 2.5 2.2 2.2 2.3 2.3 2 2 2 1.5 2.3 2.5 3 1.98
15 1.4 1 0.5 1.5 1.5 1.6 2 2 2 2 2 0 1.46
0.00
17 1 0.3 0.3 1 1.5 1.5 1.5 1 1 1.5 1.5 1.5 1.01
—
18 1.5 1 0 0 0 0 0.5 0.9 0.9 1 1 1.5 0.57
19 2 2 1 1 0 0 0 0 0.6 1 1.5 1.8 0.76
20 1.8 1.8 1.8 1.7 1.7 1.1 1.5 1.9 2 2.4 2 2.3 1.64
21 1.3 1.7 2 2 2 2 2.2 1.5 0 0 0 0.3 1.23
___________________ i______
__ G rep hi cal prsesentaion o f "Root Face" variations from 
—  S  tandard Bevel (1.5mm 3 0 degrees angle)
A C ......................... . ......  .......  ...........................  . . ...
r---
A
^  3 5 _______________________________________________ _____ I
. . . .  _ > *  ... ♦ - ♦ .._ . A ________ _______ _______ __ Pipe End No. 1 
Pipe End No. 3 
Pipe End No. 4 
- m -  Pipe End No 18
3
» -------- A— - v ' ....... .................._  V ..._.. ....H % 2 5
:  1  2 O 1 c.
\
V ___ _
N, w. \•*Z l-O
—i Ĉ 4 Nsw ^ -------"±6 --------------------------------- — — -----V-------mr JC>i I 
n cU.O
0 ___ mi___ ■------- mfrL.------ -----------  'wt--------¿A
1 2 3 4 5
Position
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Portable Monitoring System
Appendix C
The list of components, schematic diagram, and photographs
The List of the  com ponen ts requ ired  for signal
conditioning box
C om pon en ts Value R e q u ired C om m en t
Resistor 100 k 1 R1
Resistor 10k 11 R2, R5, R6, R7, R8, R9, R12, R19, R20, R21, 
R22, R23, R24
Resistor 270k 1 R3
Resistor 82k 1 R4
Resistor 10Q 1 R10
Resistor lk 3 R11,R14,R25
Resistor lk l 1 R13
Resistor 499k 1 R15
Resistor 150k 1 R17
Resistor 3k9 1 R18
Elec-Capacitor lOOpF 3 C2,C3,C4
Elec-Capacitor 220pF/25V 2 C5,C6
Capacitors lOOnF 12 C l, C7, C8, C9, CIO, Cl 1, C12, C13, C15, 
C17, C18, C19,
Capacitors lOnF 1 C14
Capacitor lpF 1 C16
Diodes 1N914 2 D1,D2 for weed back in Op-Amplifier
Rectifier 100V/1A 2 1 for voltage part, 1 for current and wire-feed
Op-Amplifiers LF347 3
Transformer 240V/15V 1 Main power supply (300mA)
Transformer 240/9V 1 Main power supply-Optical isolation ( 100mA)
Fuse 1A 2 With plastic housing for external mounting
Opto-chip HCPL7800 2 For optical isolation of the voltage sensor
Volt-regulators 78L15 1 U l, (+15V main power supply)
Volt-regulators 79L15 1 U2, (-15V main power supply)
Volt-regulators 78L05 2 U2, (-15V main power supply)
Connectors 3 pins 2 Transformer 240V side
Connectors 4 pins 2 Voltage Sensor input & Output
Connecotrs 4 pins 1 Voltage supply to Flow-Gas & Position Sensor
Connectors 6 pins 1 Output & Input to the Current Sensor
Test Pins 20 Test points on the board







 / 9V 
I------------,--------
,---------1 78L05 |--------------------o +5V**C
s a
Portable monitoring system  in construction phase
ûïi£P; -Pi t ,A  £ 'Ji-'ÿÎL■mmmm
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Completed Monitoring System with sensors and com puter
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Experimental Results
Appendix D
Tunning steps for GMAW-STT power supply, and spreadsheet-experimental results
HHV Contact Tip to Work Distance
H I  STEP 2 - Adjust 
with Peak Current
•  LOW OPTIMUM HIGH
? m i  11 of 22
M  STEP 3 - Adjust Bead 
using Background Current
F «  12 of 22
H orison ta I Welding on the mild-steel plates 8mm thickness Argon 52 as a shielding gas
Welding Machine Settings
Peak Current Back Current Tail Out Hot Start Plates' Gap
386A 70A 4.8 1.3 1.5mm & 2.5mm
Varied Parameters CrossSect. Welded Area
Sam ple No. O b serva tio n s  a n d  C om m ents Gap Travel S p eed W ire fe ed F ro n t A rea B ac k  A rea
(mm) (mm/min) (m/min) (mmA2) (mm A2)
1 Full P ene tra tion 1.5 156 4.06 31.3 32.5
2 No pene tra tion , build up o f the  w e ld 1 .5 117 4 .0 6 Not Relevant Not Relevant
3 U nun ifo rm  pene tra tion  a long the  p la te 1 .5 117 4 .0 6 Not Relevant Not Relevant
4 O p e ra to r m is take , w e lded  on the  side 1 .5 156 4 .0 6 Not Relevant Not Relevant
5 R easonab ly  good pene tra tion 1.5 191 4.06 25.8 24.5
6 W ro n g  s tand  off, No pene tra tion 1 .5 2 1 8 4 .0 6 Not Relevant Not Relevant
7 R eas inob le  n ice pene tra tion 1.5 218 4.06 67.3 53.1
8 Nice P ene tra tion 1.5 156 5.08
9 Nice P ene tra tion 1.5 218 5.08
10 P ene tra tion , la rge r bid and th in  we ld 1 .5 2 7 3 5 .0 8 Not Relevant Not Relevant
11 G ood 2.5 156 5.08 40 42.3
12 Bad, T rave l Speed too  fas t 2 .5 2 1 8 5 .0 8 Not Relevant Not Relevant
13 G ood 2.5 156 4.06 32 31.6
14 G ood 1.5 273 4.06
15 G ood 1.5 351 6.53 13.7 13.92
16 G ood, w ith  en la rge  bead 1.5 390 6.22 21.3 20.4
17 G ood, w ith  fla tte r bead 1.5 390 6.55 13.1 12.76
18 Burn T h roug h  fo r gaps la rge r than  2.1 2 .5 3 9 0 6 .5 5 Not Relevant Not Relevant
19 Burn T h roug h  fo r gaps la rge r than 2.1 2 .5 3 9 0 6 .6 Not Relevant Not Relevant
20 R easnonab le  good penetra tion 1.5 390 6.5 14.5 13.7
2 3 Large  Bid and G roove filled  w ith  weld 1.5 156 6 .5
2 4 G a s = C 0 2 , E n la rge  and uneven bid 1.5 156 6
Page 4.1
> CD O a m F G I H I J K
1 V ertica l-d ow n  w eld ing  o f  the m ild -s tee l p lates , 8m m  th ick  A rg o n  52 as a s h ie ld in g  gas
2 Welding Machine Settings
3 Peak Current Back Current Tail Out Hot Start Tourch Angle relative to the workpiece
4 271A 75A 2.2 1.3 72-75 deg
5 /aried Parameters CrossSect. Welded Area
6 S am ple No. O b serva tion s an d  C om m ents Gap Travel S p eed W ire S p ee d F ro n t A rea B ac k  A rea
7 (mm) (mm/min) (m/min) (mmA2) (mmA2)
8 2 5 F la t Bid & und e rcu t N ot accep tab le 1 .5 1 4 5 4 Not Relevant Not Relevant
9 2 6 Flat Bid & unde rcu t Not accep tab le 1 .5 3 9 0 6 .5 Not Relevant Not Relevant
10 2 7 F la t B id & unde rcu t Not accep tab le 1 .5 3 9 0 5 .8 Not Relevant Not Relevant
11 2 8 F la t Bid & unde rcu t Not accep tab le 1 .5 2 9 2 6 Not Relevant Not Relevant
12 2 9 F la t B id & unde rcu t Not accep tab le 1 .5 2 2 6 6 Not Relevant Not Relevant
13 30 Background Current=64 No improvements 1.5 172 4.1 Not Relevant Not Relevant
14 30 S ta rt o f the  buld up o f the  bid 1.2 3 9 0 5.1 Not Relevant Not Relevant
15 31 Build up at the  beg inn ing  only 1 .5 3 9 0 5 .1 3 Not Relevant Not Relevant
16 32 Background Current=88 No improvements 1.5 3 9 0 5 .0 9 Not Relevant Not Relevant
17 31 G ood P enetra tion  and Bid 1.5 390 5.7
18 32 Peak Current=286, Flatter bid, acceptable, spatter 1.5 390 5.7
19 33 Change Peak Current to 275, Flatter bid 1.5 390 5.7 25.4 22.3
20 34 Change Peak Current to 271, inlarge bid 1.5 390 6.55 18.6 17.8
21 35 P C = 3 8 6  T = 4 .8  G a s = C 0 2  R e a s o n a b ly  g o o d 0 390 7.54 24.8 27.3
22 36 P e n e tra tio n  &  le ss  d e p o s it on fa c e  s u rfa c e 2.5 390 6.53 29.3 27.8
23 37 V e ry  g o o d  f la t p e n e tra tio n  on bo th  s id e s 2.5 390 5.3 18 17.4
24 3 8 Good Penetration with unacceptable large bid 1.5 3 9 0 7 Not Relevant Not Relevant
25 39 A cce p ta b le  good bid on the  back 1.5 390 5.55
26 40 B id s ta r t to  b u ild  up  on th e  ba ck , It is OK 1.5 150 5.2
27 41 G o o d  B id  &  e n la rg e  d e p o s it on th e  w e ld  fa c e 1.5 150 5.9 32.5 30.3
28 42 OK 2.5 150 5.9 29.5 40
29 43 OK 2.5 150 5.35
Page 4.2
O v e rH e a d  w e ld in g  o f  the m ild -s tee l p la tes , 8m m  th ick A rg o n  52 as a s h ie ld in g  gas
W elding Machine Settings
Peak Current Back Current Tail Out Hot Start Tourch Angle relative to the workpiece
271A 75A 2.2 1.3 72-75deg
Varied Parameters CrossSect. W elded Area
S am ple No. O b serva tion s  a n d  C om m ents Gap Travel S p eed W ire fe ed F ro n t A rea B ac k  A rea
(mm) (mm/min) (m/min) (mmA2) (mmA2)
44 Nice Penetration and bid 1.5 390 6.5 12 11.7
45 Satisfactory 1.5 390 5.33 37.3 40
46 OK with inlarge weld on the face 1.5 156 5.33 45.1 42.3
47 OK, with inlarge weld on the face 1.5 156 5.9 23 23.3
48 Tourch waving is required to fill gap 1.5+ Any Any
NOTE !!! In all w e ld ing experim ents CIGWELD AUTOCRAFT LW1
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A =25.8  H=5.5 A=24.5  H=5.2 lp=386A  lb=70A W F S= 1 9 1  T S=4 .0 6
A =33.7  H=67.3 A=54.1 H=9.3 lp=386A  lb=70A W F S = 2 1 8  T S=4 .0 6
W F S = 1 5 6  TS=5 .0 8A=42.3 H=5.6 lp=386A  lb=70AA = 4 0  H=5.5
A = 3 2  H=5.37 A = 3 1 .6 H=5.5 lp=386A  lb=70A W F S = 1 5 6  T S=4 .0 6
A =13.7  H =5 A=13.9  H=4.6
P lates  G ap = 1 .5
lp=386A  lb=70A W F S= 3 5 1  T S=6 .5 3
A=20.4  H =4.5
Penetration
Tail Out=4.7 A = 3 1 .3 FI=6.1 A=32.5  H=5.8
lp=386A  lb=70A W F S = 3 9 0  T S=6 .2 2
Sample No
Samples Welded in Horizontal Position
Front Cross Section Back Cross Section Top of the Weld
lp=386A  lb=70A W F S = 1 5 6  T S=4 .0 6
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A=13.1 H=4.1 A=12.8  4.1 lp=386A  lb=70A W F S = 3 9 0  T S=6 .5 5
20
....... '  11; : j  .
A =14.5  H=4.5 A = 1 3.7 H=3.9 lp=386A  lb=70A W F S = 3 9 0  T S= 6 .5
S a m p les W elded in V ertical Position
32
. - ■ , j
T a il O u t= 2 .3 A =25 .4  H =5 A=22.3  H=5.2 lp=271A  lb=75A W F S = 5 .7  T S = 3 9 0
G a p = 1 .5
33
ê ■ /
A =18.6  H =4 A=17.8  H=3.6 lp=275A lb=75A—--------1W F S = 5 .7  T S= 3 9 0
J
34
: ■ I f
. . .  ' ' ' - .; ' <vi«.- . .. ;
■ ' ■
J




G a s = C 0 2  Gap=J A =29.3  H=6.7 A=27.8  H=6.3 lp=386A  lb=75A









Samples Welded in Overhead Position
A = 1 2  H=3.5 A = 1 1.7 H=3.4
lp=271A lb=75AA =37 .3  H=5.7 A = 4 0  H=6
Sample No Penetration
lp=271A  lb=75A W F S = 5 .2  T S = 1 5 0
A =29.5  H =6 A = 4 0  H =7
lp=271A  lb=75A W F S = 6 .5  T S= 3 9 0
W F S = 5 .3 3  T S= 3 9 0
P lates G a p - 1 .5
lp=271A  lb=75A W F S = 5 .9  T S= 1 5 0
m
A = 2 3  H=4.9
Back Cross Section Top of the Weld
A =43.1 H=6.8
A=23.3  H=5
lp=271A  lb=75A W F S = 5 .3 3  T S= 1 5 6
lp=271A  lb=75A W F S = 5 .9  T S= 1 5 6
P la te s G a p = 2 .5 A = 1 8  H=3.3 lp=271A lb=75A W F S = 6 .5 3  T S= 3 9 0
A=42.3  H=6.8
Page 4.4
Trials with different groove geometries and C02 as shielding gas.
Sample No Front Cross Section Back Cross Section Top of the Weld Penetration
A n g= 4 0  F a c e l
N o  penetration T h e  end of the weld
Ang=45 Face=1.5 
G a s = C 0 2
A n g= 3 7 ;Face =1 .5
A =26.3  H =6 The end of the weld so  the size of the arc-ball can be found
N o  penetration The  end of the weld
A n g = 3 7; F a c e =1
A = 2 8  FI=6 The end of the weld
Page 4.4
Sample Cross-Sec Test Points Ocular Reading Actual HV/10 A pprixim ate Tensile Weld Area Dilution W eld




A 2 6 3 2 6 7 2 6 0 8 2 3 Note: E d g e s  p re p a re d  at V - — y
■
27 2
¿to a n a  ou  
to g e th e r  T,
u e g  a re  w e iu e u  
S = 4 0 0 m m /m in
\  / 3 .4 5
B 2 6 8 2 7 0 2 5 4 8 0 0 /  ¡ i
2 6 9
8 1 5 2 2C 2 67 2 6 8 2 5 8 1 0 . 3 5 / 2 2 = 4 7 %
X ■■ ' > ' ■' .
281 Note: E d g e s  p re p a re d  at
B 2 7 9 2 8 0 2 3 7 758 4 5  a n d  30  d e g  a re  w e ld e d y \  X 3 .3
; 2 8 3
to g e in e r  i o -^ u u m m / m in /  L J  > —
l Â N i j W i i É P
C 2 7 5 2 7 9 2 3 8 758 23
— — - ----—P1
1 0 . 2 / 2 3 = 4 4 %
j • :
2 7 0 W 4
jfc  • <*. 8 2 3 14 .1 5 h  /B 26 4 2 6 7 261 11 .3 /1 4 .1 5 = 8 0 %
w  .... ...." ’7
W 3 . J
310 3 .5
t t r . j r  t ^ T r  d L ; B 3 00 3 05 199 6 3 0 15 .74 1 0 .1 /1 5 .7 4 = 6 4 %
. ' - ■ : 2 85 3 .8 3
# v-, A - A
B 2 7 5 2 8 0 2 37 7 6 0 17 .7 1 2 .2 /1 6 .9 = 7 2 %
A=test point dose to the face of the weld 
B=test point in a middle of the weld 
C=test point close to the bid of the weld 
TS=torch travel speed
30 6
4» T A B U  I— AFFRQX1MATE EQUIVALENT HARDNESS NUMBERS* FOB VICKERS HARDNESS NUMBERS (HV). FOR S ït t l  (CONTINUED)
Vtckor,HoHmu
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Beinoli HoM m u  No. 
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A -ScoU ,
60-k g








( 1/ 16- In) 
Dio Bail




























C o l  IO
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AST M £ 140. lo b i . I.
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No.
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C a l 1 Col. 2 Col. 3 Col. 4 C a l  5 Col. 6 C a l 7 C o l 8 Cal. 9 C a t 10 C a l 11 C a l 12 Col. 13 Coi. 14
— _ 940 85.6 68.0 769 93.2 84,4 75.4 97
— — — 920 85.3 —0 67.3 76,5 93 0 84 0 74.8 96 _ _
— — — 900 83.0 — * 67.0 76.1 92.9 83,6 74.2 95 _ _
—* — (767) 880 84.7 — 66.4 757 92.7 83.1 73,6 93 _ _
— — (737) 860 84.4 _ 639 753 92.5 82.7 73 1 92 — —
2.23 — (743) 840 ‘ 84 1 _ 633 748 923 82.2 72.2 91 _ 2.25-- - — (733) 820 63.8 — 64 7 74.3 92.1 81.7 71.8 90
— — (722) 800 83.4 — 64.0 73 8 91.8 81.1 71.0 88 _ _
2.30 — (712) — — — —0 — _ _ _ _ 2 30
— •— (710) 780 83 0 —* 63 3 73.3 91.5 80.4 70.2 87 rara»
— (698) 760 82.6 — 62.5 72.6 91.2 79.7 69.4 86 — —
— — (684) 740 82.2 _ 61.8 72.1 91.0 79.1 68.6 y
2.13 — (682) 737 82.2 ■-- 417 7X 0 91.0 79.0 68.5 84 a— X 35
— —- (670) 720 81.8 — 61.0 71.3 907 78 4 67.7 83 _ _
— a— (656) 700 81.3 — 60 1 70.8 90.3 77.6 66 7 — —
2.40 — (653) 697 81.2 — 60.0 7X 7 90.2 n s 66 5 81 — 2.40
—. _ra (647) 690 81.1 _ 59 7 70.5 90.1 77.2 66.2 _ _ _
— — (638) 680 808 — 59.2 70.1 69 8 768 65.7 80 — —
—* —a 630 670 80.6 — 58 8 69.8 #9 7 76.4 65.3 — —
2 45 — 627 667 , * 0-5 — 58.7 69J #9.6 76-3 63.1 79 — X 4S
_ ' _ 677 B0J _ S9.I 70.0 89.8 76.8 65.7 _
l — 601 640 79.8 — 57.3 64-7 89.0 75.1 63J 77 —
2-55 1 _ _ 640 79.8 _ 57.3 64.7 89.0 75.1 63.5 —
— 571 615 79.1 — 56.0 * 7.7 88.4 73,9 , 6X 1 75 ~
_ _ 607 78-8 _ 55.6 67.4 88.1 7X 5 61.6 _
— S55 591 78.4 — 54.7 66.7 87.8 72.7 60 6 73 7055 I29ti|
2.65 1 — 579 78.0 — 54.0 66.1 87J 72.0 59.8 _ 20151292)
— 514 569 77.8 — S3.5 65B 87 X 71.6 59.2 71 1985 ¡288) i
170 1 — — 553 77.1 5X 5 65.0 *6.7 70.7 58.0
_ 1913(278)
— 514 547 76.9 — 5X 1 64.7 *6.5 7X 3 37.6 70 1890(274)
f 1495) — 539 76 7 51.6 64.3 *6 3 69.9 56 9 1853 (269) 1
2-75 — am 530 76.4 51.1 63.9 16.0 69.5 56.2 — 1825(2651 375{ — 495 528 76-3 — 51.0 63.8 *5.9 69.4 36.1 68 1820(2641 J
( (477) _ 516 75.9 _ 50.3 63.2 *5.6 68.7 33.2 — 1760(258! 1
2.80 ( — 508 75.6 — 49.6 62-7 15.3 6 *2 34.5 — !740(2521 > 2 M
l — 477 308 75.6 — 49.6 6X7 *5.3 68.2 54 5 66 1740(2521 Li_____
(Tdblc commut'd on next pjgc)
tO W V A U H T  HABOHES3 W M H j -  f Q *  m m u  HA80NEIS N U M I « ^ .  K »  5 T i f i  (CONTINUICI
3.07
iH n t lt  
&>«, mm
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Col 1 Col. 2 Cai, 3 C a i 4
f (46!) 493
2.85 — — 491
l 46) «91
f 444 . . -1«»«
2.90 < — — 473
l — 444 472
2.95 429 429 455
3.00 4 )5 415 440
3.03 401 401 425
3.10 388 388 410
3.13 375 375 396
3.20 363 3*3 383
3.25 »52 352 172
3,30 341 341 3*0
3.35 331 331 350
3.40 »21 321 339
3.45 311 31) 328
3.50 302 302 319
345 293 293 309
3.40 285 285 »01
3,63 277 277 292
X70 269 269 284
X75 262 262 27*
3.80 255 253 269
3 *5 248 248 2*1
3.90 241 241 253
3.93 235 235 347
4.00 229 229 241
4.05 223 223 234
4.10 217 217 228
4.1$ 212 712 222
4.20 207 207 218
4.25 20) 201 212
4.30 197 197 207
4.35 192 192 202
4.40 187 187 196
4.45 183 183 192
4.50 179 179 188
4.55 174 174 182
4.60 170 170 178
4.63 167 167 175
4.70 163 163 171
4.80 156 156 163
4.90 149 149 156
3.00 143 143 ISO
5 10 137 137 143
3,20 13! 131 137
5.30 126 126 132
3.40 121 121 127
3.30 116 116 122
560 111 I H 117
•» (baro li N o *
A-S<*!», 
«0-l>S land , 
Oralo
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• Ibi* loM» corrarpond* to ih» tabi» In ASM Maiali Hoodboalt. 8tb E dillo*. Voi. 1, pogo 
*715. and t» includati in Bili »»pari fa» con vani anta. Il ha» baan modifiod to Ofi'i matrìt 
»tv-alanti lo» apptoaimata tamil» »trangtb rtduat. ond to inditata 8finali bottinati aokiai
tbot ora bayond Iha tottwiwnondad rango (a» Ibi» t»»t.
«al»** a» l  ) ara bayond nanna! rango and ora girai» lo» informarlo« enty.
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Table A-16 MECHANICAL PROPERTIES OF SOME STEELS
Although the values shown lor the properties in this table can be easily obtained when carefully 
processed, they should probably be treated as minimum values for preliminary design. A mini­
mum value is approximately several standard deviations below the arithmetic mean.
Yield Tensile
Maximum strength 5 , , , strength 5 „ , , Elongation! Hardness
British Procès- section MPa MPa 5 . 6 5 N/ d ö , number!
Material standard sing* size, mm (N/mm2) (N/mm2) % HB
0 .2 0 C 0 7 0 M 2 0 H R 152 2 1 5 4 3 0 22 1 2 6 -1 7 9
2 5 4 2 0 0 4 0 0 20 1 1 6 -1 7 0
C l ) 13 3 8 5 5 3 0 12 154
76 3 4 0 4 3 0 14 125
0 .3 0 C 0 8 0 M  3 0 H R 152 2 4 5 4 9 0 2 0
1 4 3 -1 9 2
2 5 4 2 3 0 4 6 0 19 1 3 4 -1 8 3
CL) 13 4 7 0 6 0 0 10 174
63 3 8 5 5 3 0 12 154
H & T 6 3 3 8 5 5 5 0  7 0 0 13 1 5 2 -2 0 7
0 .4 0 C 0 8 0  M  4 0 H R 150 2 8 0 5 5 0
16 1 5 2 -2 0 7
C D 6 3 4 3 0 5 7 0 10 165
H & T 6 3 3 8 5 6 2 5 - 7 7 5 16 1 7 9 -2 2 9
0 .5 0 C 0 8 0 M  5 0 H R 150 3 1 0 6 2 0
14 1 7 9 - 2 2 9
C D 6 3 5 1 0 6 5 0 10 188
H & T 1 50 4 3 0 6 2 5 - 7 7 5 11 1 7 9 -2 2 9
5 3 0  M  4 0 H & T 100 5 2 5 7 0 0 - 8 5 0
17 2 0 1 - 2 5 5
2 9 6 8 0 8 5 0  100 0 13 2 4 8  3 0 2
352 DESIGN OF MECHANICAL ELEMENTS
Table 9-3 PERMISSIBLE WELD STRESSES
Type o f loading Type of weld P erm issib le  s tress n*
Tension Butt 0.60IS, 1.67
Bearing Butt 0.905, 1.11
Bending Butt 0.60-0.665, 1.52-1.67
Simple compression Butt 0.605, 1.67
Shear Butt or fillet 0.405, 1.44
* The factor of safety n has been computed using the distortion-energy theory.
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Appendix E
Comparative costing
The attached spreadsheet is a comparative costing of current MMA welding practice
with several mechanised process options.
FilQE 18 of 22
406mm x 9mm wall pipeRunning costs $/day
msm , MMA1 MVIA 2 MM1A 3 GMIAW Plasma GTAW MIAB
Canp 20000 20000 20000 20000 20000 20000 20000
Travel 20000 20000 20000 20000 20000 20000 20000
Supervision 8333 8333 8333 8333 8333 8333 8333
Tools 2083 2083 2083 2083 2083 2083
Insurance 8333 8333 8333 8333 8333 8333 8333
Overhead 18333 18333 18333 18333 18333 18333 18333




Pipe diameter 406 406 406 406 406 406 406
Travel speed root 600 600 375 760 200 1000 N/A
Travel speed hotpass 300 300 300
% to release 80% 80% 80% 80% 80% 80% N/A
Number of arcs 2 2 2 2 4 2 N/A
Changeover time 0.2 0.2
Prep & damp 1.2 1.2 1.2 1.5 1.5 1.5 2
Root to release 1.2 1.1 1.4 0.7 1.3 0.5 1
Hotpass 2 0 2.1 0 0 0 0
Total weld time 3.2 1.1 3.5 0.7 1.3 0.5 1.0
Limiting time 3.2 1.2 3.5 1.5 1.5 1.5 2.0
Operating factor 80% 80% 100% 100% 100% 100% N/A
V\felds/10hrday 149.5 400.0 172.1 400.0 400.0 400.0 300.0
km per day 1.8 4.8 2.1 4.8 4.8 4.8 3.6
i-l. !  ̂
Welding cost
Rant (Capital) 10000 50000 50000 50000 70000 50000 100000
Salvage value 0 0 0 0 0 0 0
Life (yrs) 5 5 5 5 5 5 5
Rant (Depredation) 5 27 27 27 38 27 55
Labour (root) 1200 600 600 600 600 600 600
Labour (hot pass) 1200 600 600 600 0 0 0
Labour (fill) 600 300 300 300 300 300 300
Electrodes 100 100 100 100 50 50 0
Gas 0 0 0 50 50 50 0
1 ' . J  ̂ 1 ;s '•
Sub total - welding 3105 1627 1627 1677 1038 1027 955
^  ■ "■ ' . 
Total 78105 78710 78710 78760 78121 78110 78038





Measured on Roitb spread - actual - front end crew perform hot pass  
Calculated from welding speeds-assun ing move after root 
Calculated from welding speeds-assum e move after hot pass
ROBCAD simulation by Mihai Belet at University of Adelaide '97.





ROBCAD simulation by Mihai Belet at University of Adelaide '97.
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